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ABSTRACT
CONCRETE AND MORTAR SPECIMENS WERE CURED
FOLLOWING VARIOUS PROCEDURES BEFORE EXPOSING
TO FREEZING AND THAWING IN A 3 PERCENT SALT
SOLUTION. SPECIMENS WHICH HAD AN INITIAL WET
CURING OF 7 DAYS AND WERE THEN DRIED FOR 3
DAYS PRIOR TO RESOAKING PRODUCED THE MOST DUR-
ABLE CONCRETE. THE BENEFICIAL EFFECT OF DRY-
ING IS EFFECTIVE REGARDLESS OF THE MIX PROPOR-
TION, KINDS OF AGGREGATES USED, AND THE DRYING
ENVIRONMENT. DRYING AT A LATER STAGE, EVEN IF
EXTENDED OVER A PERIOD OF TIME PROVED TO BE
LESS BENEFICIAL. THE STUDY INCLUDED THE EF-
FECT OF COATING THE SPECIMENS WITH LINSEED OIL
AND CURING COMPOUNDS AND ALSO THE EFFECT OF
CARBONATION ON DURABILITY. THE EFFECT OF DRY-
ING ON THE DEGREE OF HYDRATION, FREEZABLE WA-
TER CONTENT AND PERMEABILITY WAS DETERMINED.
DRYING OF CONCRETE AT AN AGE OF 7 DAYS RESULTED
IN A SIGNIFICANT INCREASE OF PERMEABILITY, AND
IT IS THOUGHT THAT THIS INCREASE IS THE PRIMARY
REASON FOR THE IMPROVEMENT IN FREEZE-THAW DUR-
ABILITY. IT IS RECOMMENDED THAT CONCRETE BE
DRIED FOR 3 DAYS AFTER AN INITIAL WET CURING
PERIOD OF 7 DAYS FOR IMPROVED FREEZE-THAW RE-
SISTANCE.
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I. INTRODUCTION
1.1 PROBLEM STATEMENT
The resistance of portland cement concrete
to damage due to freezing and thawing with or
without the presence of deicing agents has
become an increasingly important factor to be
considered in both design of concrete and in
its placement and curing. Many advances have
been made in developing means for protecting
concrete from the deleterious effects of
freezing and thawing, most notably the dis-
covery that entrained air is very beneficial
in preventing deterioration. [1,2] However,
even in air-entrained concrete structures
constructed in recent years, deterioration
has sometimes occurred with freezing and
thawing. This deterioration is often associ-
ated with the use of deicing agents. [3,4]
Obviously, the durability of concrete can be
improved only if the mechanism and the factors
which influence the resistance of concrete
against freezing and thawing are sufficiently
known. Over a period of 20 years, theories
have been developed to explain the mechanisms
involved in freezing and thawing damage, and
many of the areas which include the important
factors influencing response to freezing and
thawing have been delineated. A more thorough
discussion of these theories is given in refer-
ences I and 2. Still, not all the problems
related to concrete freeze-thaw durability are
solved.
Powers pointed out that concrete under
field conditions is usually exposed to drying
in some form prior to or during the winter
months, and it is necessary, in order to fully
understand frost action, to understand water
movement to and from concrete and within con-
crete. [5] The need for such information is
emphasized by the observation that the resis-
tance to freezing and thawing damage of con-
crete which has had an air-drying period in-
corporated in the curing cycle has generally
proved to be superior to that of concrete
continuously moist cured up to the initiation
of freezing and thawing. [6-15] This has been
found to be true even if the air-dried concrete
was later soaked in water so that the moisture
content was high when freezing and thawing
started. However, the reasons for this im-
provement are not fully understood, and more
information is needed to study and define the
important drying variables, as well as the
mechanism by which drying may affect concrete
durability.
1.2 OBJECTIVE
The overall objective of this project was
to investigate the effect of drying upon the
freezing and thawing resistance of portland
cement concrete, and to study the mechanisms
by which drying may influence concrete dura-
bility. Special emphasis has been placed on
the development of curing procedures which
result in an optimum frost resistance in the
field without harmful effects to other con-
crete properties, such as compressive or ten-
sile strength and abrasion resistance.
1.3 SCOPE
In accordance with the work program, the
investigation was subdivided into the follow-
ing major phases:
1. Formulate a hypothesis for the bene-
ficial effects of air drying on concrete
durability;
2. Investigate the effects of varying
amounts of drying on the freezing and thawing
resistance of concrete;
3. Investigate the influence of curing
conditions on the frost resistance of concrete
with various mix proportions and types of
aggregates;
4. a. Study moisture movement and dis-
tribution in drying concrete;
b. Investigate methods to measure
the moisture content of concrete in the field;
5. Investigate possible adverse effects
of drying upon compressive strength and
abrasion resistance of concrete;
6. Investigate the drying and rewetting
characteristics of cement paste, aggregates,
and concrete;
7. Investigate the effect of time of
application of coatings on the frost resis-
tance of concrete;
8. Data summarization and analysis of
field curing of concrete.
In this investigation, concrete specimens
of various sizes, mix proportions, and types
of aggregates were subjected to freezing and
thawing. Additional parameters include length
of, and the environmental conditions during,
the drying and curing periods. Moisture move-
ment during drying, carbonation effects,
freezable water contents, and variations of
permeability were studied on mortar specimens.
II. BACKGROUND INFORMATION
2.1 MECHANISMS OF CONCRETE DETERIORATION
DUE TO FREEZING AND THAWING
Summaries of theories relating to the
mechanisms of freezing and thawing are given in
references I and 2. In the following, only
those aspects are treated which are of particu-
lar concern to this investigation.
2.1.1 Paste Mechanisms
The most widely accepted hypothesis for
the damage of concrete caused by freezing and
thawing is that proposed by Powers. [16] Water
expands 9.07 percent when it freezes at 320 F.
Thus, as water freezes in a capillary cavity
which is filled by more than 91.7 percent, the
resultant expansion due to ice formation forces
unfrozen water into the gel structure surround-
ing the cavity. Resistance to such flow results
in the build-up of hydraulic pressure. The
magnitude of the pressure is dependent upon
several factors, such as: rate of freezing;
distance the unfrozen water must travel before
reaching an escape boundary; degree of satura-
tion of the paste; amount of freezable water in
the paste; and permeability of the cement gel.
When the hydraulic pressure results in
stresses exceeding the tensile strength of the
cement gel, cracking occurs and subsequent
cycles of freezing and thawing result in pro-
gressive deterioration.
The ability of a paste to withstand
freezing and thawing is dependent upon the
factors mentioned above. The rate of freezing
affects the magnitude of hydraulic pressures
generated, higher rates resulting in higher
pressures.
The distance which the unfrozen water must
travel in reaching an escape boundary is also
important, smaller distances resulting in lower
pressures. In air-entrained concretes, the
minute, closely spaced air voids are normally
not filled with water even when the capillary
cavities are filled. When freezing occurs,
these air-filled inclusions provide a space
for pressure dissipation, effectively reducing
the hydraulic pressures by reducing the distance
that the water travels to an escape boundary.
The volume decrease when thawing occurs results
in partially filled capillary cavities, which,
through capillary action, tend to draw the
water out of the air voids.
Pastes with a higher degree of saturation
generate higher pressures upon freezing. The
degree of saturation of a paste is dependent
upon its drying history and will be discussed
in more detail later.
The magnitude of the hydraulic pressure
due to freezing is also dependent upon the
amount of freezable water in the paste. All
water in concrete does not freeze at 320 F and,
in fact, little freezing takes place at this
temperature due to several factors. The melting
point of ice crystals is a function of size
and, at a given temperature, ice can exist only
in those capillaries capable of holding crystals
larger than a certain size. This is why water
in the gel pores cannot freeze except at very
low temperatures. The presence of solutes in
the capillary water also affects the amount of
water which is freezable at a given temperature.
The degree of hydration and the original water-
cement ratio are the primary factors determining
the amount of freezable water since they deter-
mine the size of the capillary cavities.
Finally, the permeability of the cement
gel influences the resistance to flow, higher
permeability resulting in decreased hydraulic
pressures. Not much is known concerning the
factors affecting the permeability of the
cement gel, since cement paste permeability
is primarily dependent upon the size and num-
ber of capillary cavities rather than the
structure of the gel surrounding these cavi-
ties. It has been found that drying of a
hardened paste may markedly increase its per-
meability. It has been hypothesized that this
increase is due to fine shrinkage cracks in
the cement gel. [16]
In the previous discussion, the role of
solutes in the capillary water was mentioned
in connection with freezable water. This topic
is also of importance, however, in explaining
freezing and thawing damage of concretes in
the presence of deicing agents. Generally,
deicing agents tend to accelerate deterioration.
The most common explanation for this is that
deicing agents cause the capillary cavities
eventually to be filled with a dilute solution
containing the deicing agent. When the dilute
solution freezes, the solute remaining in the
cavity becomes more concentrated, resulting
in a concentration difference between the
water in the cavity and water in the surround-
ing gel pores. There is then a tendency for
the water in the capillary cavity to diffuse
into the less concentrated solution in the gel
pores. This diffusion is resisted by the
cement gel, resulting in an osmotic pressure.
The osmotic pressure is added to the hydrau-
lic pressure caused by freezing so that the
total pressure exerted on the cement gel is
increased. However, several other theories
to explain the effect of deicing salts have
been suggested. [17]
2.1.2 Aggregate Mechanisms
Aggregates used in concrete generally
have pore structures somewhat coarser than
those of the surrounding cement paste, but
the mechanism of deterioration is similar.
Considering first a saturated aggregate parti-
cle which is not surrounded by cement paste,
it should be noted that freezing results in
hydraulic pressures as the unfrozen water is
forced out of the pores. Since most aggre-
gates do not have voids similar to entrained
air voids to allow dissipation of the pressure,
the only escape boundary is the surface of the
aggregate particle. This implies, then, that
higher pressures will be generated in larger
particles since the water must travel farther
to reach an escape boundary. For a given
freezing rate, there exists a critical size
for a given type of aggregate, below which no
damage will be done by freezing. Theoretically,
aggregate particles larger than this would
develop destructive pressures upon freezing.
[18]
For an aggregate particle of a given
size, the response to freezing is dependent
upon the pore structure of the aggregate.
Some aggregates are sufficiently strong and
have a small enough porosity to accomodate
expansion due to freezing without cracking.
Other aggregates may have a high porosity, but
also a very coarse pore structure so that high
permeability prevents the build-up of excessive
hydraulic pressures and the aggregate remains
intact. Finally, if the aggregate has a high
porosity and a fine pore system, freezing will
result in high hydraulic pressures and sub-
sequent damage when the size is larger than
critical.
If the aggregates mentioned above were
embedded in a cement paste matrix, the strong,
low-porosity aggregate would cause no damage
upon freezing, but the other two types would
both probably cause some damage. In the
aggregate with a coarse pore structure and high
porosity, the expelled water would be forced
into the paste, generating hydraulic pressures
there. While the aggregate might remain intact,
the surrounding paste could be destroyed unless
it was adequately air entrained. The aggre-
gates with a fine pore structure and high
porosity would be damaged while confined, and
this damage would be reflected in deterioration
of the concrete.
As is seen from the discussion above, the
moisture state of the aggregate is also impor-
tant for the freezing and thawing resistance
of concrete. An aggregate which did not reach
a critical moisture content would not be
expected to cause damage.
2.2 DRYING OF CONCRETE
2.2.1 Moisture States
Concrete must have a high moisture content
for damage to occur with repeated freezing and
thawing. Theoretically, if the degree of
saturation of a capillary cavity is less than
91.7 percent, no hydraulic pressures will be
generated, since the 9.07 percent expansion
due to ice formation can be accommodated within
the cavity. Of course, a degree of saturation
of less than 91.7 percent for the concrete as
a whole may still not insure that no damage
will result from freezing, since the moisture
distribution in the concrete is not necessarily
uniform, so that in localized areas the degree
of saturation could be critical.
Depending upon the drying history of the
concrete, varying amounts of water may be
present in the capillary cavities and the
aggregate pores. In a concrete which is cast
with saturated aggregates and is kept contin-
uously moist after casting, both the aggregate
pores and capillary cavities are close to
saturation. (Due to dissolved air in the
water and some air in the aggregate pores,
complete saturation is obtained only rarely.)
If, at some time during or after curing, the
concrete is exposed to drying, or if dry
aggregates are used when the concrete is mixed,
varying moisture conditions might exist. The
aggregate pore system is generally coarser than
the capillary cavity network, and capillary
action results in smaller voids being filled
first. Therefore Verbeck suggested that if
dried concrete is rewetted, an aggregate par-
ticle will not become saturated until the
capillary cavities in the surrounding paste
are saturated. [19] The extent to which
resaturation is achieved will depend upon the
permeability and pore structure of the aggre-
gate and the paste. Thus a concrete exposed
to drying and then rewetted may exhibit
various degrees of saturation, depending upon
the water-cement ratio of the paste, the
permeability and porosity of the aggregate,
and the amount of cracking in the paste.
2.2.2 Drying and Wetting Behavior
Drying in concrete is a very complex
process, due primarily to the complex nature
of concrete microstructure. The problems
related to drying and moisture movement in con-
crete are described in more detail in reference
19. At temperatures above the freezing point,
chemically free water molecules present in
cement paste at any humidity below 100 percent
would be gaseous and negligible in amount were
it not for the adsorption forces which hold
nearly all of them in a condensed state. As a
rule, all the internal surfaces of the cement
paste are covered with water molecules and,
except at low humidities, capillary cavities
contain water. Moisture transfer generally
occurs in the form of water vapor and/or liquid
water, with the moisture content determining
the dominant type of flow. At low humidities,
the moisture is attached to the internal sur-
faces by adhesive forces, and the only moisture
transfer possible occurs in the form of vapor.
At higher humidities, unsaturated (film
transfer) and saturated capillary transfer are
present in addition to vapor diffusion, with
various driving forces which differ in origin
causing the movement. The moisture flow in
concrete has been considered to be a random
motion, thus justifying application of the
diffusion theory as the mathematical model
describing the drying and wetting processes.
However, the use of a mathematical method
(based upon diffusion theory) for determining
moisture content during drying is still rather
complex because of the difficulties encountered
in assigning coefficients for describing the
physical properties of the concrete.
Due to the low permeability of concrete
and the capillary and surface forces which
affect the water, moisture movement during air
drying is usually very slow. Generally, it
can be stated that drying of concrete is slow-
er when the distance of a particular section of
concrete from a drying surface is larger.
Thus the moisture content of a drying specimen
will be nonuniform, and the time required to
reach equilibrium conditions, i.e., a uniform
moisture content throughout the specimen, is
larger with larger specimens. [21] For a
specimen with a diameter of 6 in. stored at a
relative humidity of 65 percent, more than
ten years may be required for the entire
concrete to reach moisture equilibrium with
the surrounding environment. The rate of
drying as well as the total amount of moisture
which will be lost during drying increase with
a decrease of the relative humidity. Also,
an increase of temperature or of the water-
cement ratio may accelerate drying. More
porous aggregates generally lead to a faster
rate of drying than relatively impermeable
aggregates of otherwise similar concretes.
Rewetting of concrete after an initial drying
period occurs at a rate much faster than drying
because the capillary forces aid in drawing
water back into the pore systems. Normally,
concrete submerged in water may acquire mois-
ture at a rate hundreds of times higher than
the drying rate. [22]
2.3 EFFECT OF DRYING ON FREEZING AND THAWING
RESISTANCE
Previous investigations using both mortar
and concrete specimens have indicated the bene-
ficial effects of an air-drying period prior to
the initiation of freezing and thawing. Long
and Kurtz found that for non-air-entrained
concretes with a water-cement ratio of 0.53 by
weight, 14 days of moist curing and 3 days of
air drying produced much better freezing and
thawing resistance than 17 days of continuous
moist curing.[2] The coarse aggregates used
in this study had a good service record and
were submerged in water 72 hours before use.
Blackburn found that 14 days of drying
after 14 days of moist curing produced a more
frost resistant concrete than 28 days of moist
curing. [23] He used non-air-entrained as well
as air-entrained concretes with water-cement
ratios ranging from 0.36 to 0.56 by weight.
Coarse aggregates ranging from good to poor
were used, and were vacuum saturated or
immersed in water for 24 hours prior to use.
The greatest benefit of air drying was realized
in the concretes with poor aggregates.
Lyse froze air-entrained and non-air-
entrained concrete cubes in air and thawed
them in sea water. [7] He compared the effects
of curing periods of 3 days moist and 4 days
dry versus 7 days moist, and 7 days moist and
21 days dry versus 28 days moist. Water-
cement ratios of 0.40 to 0.67 by weight were
used and results showed the air drying to be
beneficial for all concretes.
In all of the investigations cited above,
the air-dried specimens were not resoaked prior
to freezing and thawing. Thus the moisture
content of these specimens at the beginning of
the freezing and thawing test was considerably
below critical. Other investigators, however,
have found an improvement in concrete resistance
to freezing and thawing when air drying is used,
even when the concrete was resoaked before
freezing and thawing. Bollen compared speci-
mens continuously moist cured for 9 days with
specimens moist cured for 7 days, dried for
21 days and soaked for 2 days. [8] He found
the air-dried specimens to be more resistant
to freezing and thawing. In these experiments,
a water cement ratio of approximately 0.47 was
used. The coarse aggregates were soaked in
water for 24 hours prior to use.
Walker tested specimens using stream wet
chert gravel as coarse aggregates, with an
initial 28 days moist curing and subsequent
treatment as follows:
Series 1 - 33 days in water at room
temperature
Series 2 - 28 days in water and 5 days
in air at room temperature
Series 3 - 28 days in air and 5 days
in water at room temperature
Series 4 - 33 days in air at room
temperature. [9]
All series which had some air drying were
superior to the continuously wet-cured speci-
mens, with Series 4 specimens showing the best
performance. Up to 30 cycles of freezing and
thawing, Series 3 specimens showed less deteri-
oration than Series 2, but after this point,
both series showed nearly identical losses in
dynamic modulus. Bloem also investigated
freezing and thawing resistance of concrete
made with chert gravel and air dried for vari-
ous periods of time. [10] After initial moist
curing for 28 days, the specimens were dried
for 3, 7, 14 and 28 days and then were resoaked
for zero, 3, 7, 14, 28, and 91 days. A water-
cement ratio of 0.50 by weight was used. As
the duration of drying increased, the resis-
tance to freezing and thawing improved. In-
creasing periods of resoaking progressively
reduced the frost resistance. Of particular
interest was the fact that the improvement in
performance due to air drying persisted even
when, due to resoaking, the total saturation
exceeded levels at which resistance had been
very poor for specimens never previously dried.
Klieger found that air-entrained concretes
cured continuously moist for 31 days were less
resistant to freezing and thawing than concretes
cured moist for 14 days, dried for 14 days and
resoaked for 3 days. [11] However, this
improvement was not found in concretes with a
high cement factor and a maximum size of coarse
aggregate larger than 3/8 in. Verbeck and
Klieger also found improvement in scaling resis-
tance of concretes which were air-dried for 14
days and resoaked for 3 days before freeze-
thaw testing. [12]
In an investigation using mortar cubes,
Hughes found that cubes which were moist cured
for 13 days, dried for 11 days and resoaked for
3 days, in most cases showed better resistance
to freezing and thawing than cubes which were
moist cured for 90 days. [13] At high water-
cement ratios, the continuously moist-cured
cubes showed better resistance.
A finding contrary to those stated above
was reported by Backstrom and Burrows. [14]
They found that concretes exposed to natural
drying for 12 months after an initial 14 days
of moist curing deteriorated faster upon
freezing and thawing than concretes which were
continuously moist-cured for 28 days. The
aggregate used in the concrete, however, was
reactive and it appeared that this reactivity
influenced the test results.
It is difficult to draw generally appli-
cable conclusions concerning drying from the
reports previously mentioned due to differences
in experimental procedures. However, the
following statements seem to summarize the
present state of knowledge.
1. A period of air drying, following an
initial moist curing period, improves resistance
to freezing and thawing.
2. Increased length of air-drying period
results in increasingly improved resistance to
freezing and thawing, but the minimum amount of
air drying required is not established.
3. The benefits from air drying still
remain even after soaking has led to a high
moisture content of the concrete.
4. The quality of coarse aggregates may
affect the degree to which air drying is bene-
ficial, poor aggregate concretes benefiting more
than concretes made using good aggregates.
5. Both air-entrained and non-air-entrained
concretes benefit from air drying.
2.4 HYPOTHESES FOR THE BENEFICIAL EFFECTS OF
AIR DRYING
Several investigators have suggested
possible reasons for the increased resistance
to freezing and thawing caused by air drying.
Perhaps the most common explanation is that
the concrete, once dried, never regains its
initially high moisture content.
Axon et al. moist cured concrete beams
3 1/2 by 4 1/2 by 16 in. for 14 days, air
dried them for 14 days, and then resoaked them
in water for 7 days. [24] At the end of this
period, none of the specimens had regained the
full amount of water lost during drying.
Reilly shows data on concretes which were
moist cured for 14 days, air dried for 7 days
and then resoaked for 2 days. [25] The data
indicate that the water lost during drying was
not fully recovered. Bloem also found that
concretes moist cured for 28 days, air dried
for 28 days, and then resoaked up to 91 days
had not regained all of the moisture lost
during drying. [10] He related this observa-
tion to aggregate properties because his results
indicated that chert aggregates are not easily
resaturated cnce they have an opportunity to
dry. Verbeck stated that "because of its
usually much finer pore structure, the paste,
if it is below saturation, can easily remove
most of the aggregate water." [19] Thus, a
dried concrete which was later resoaked would
first have to satisfy the water requirement
of the paste before the aggregate pores started
to fill up. If the aggregate were the source
of distress when freezing and thawing occurred,
the drying period might result in a moisture
content which would stay less than critical for
a long period of resoaking.
Powers suggested that the higher permeabil-
ity of air dried concretes might decrease the
hydraulic pressures associated with freezing
and thawing, thus reducing the damage done. [15]
It should be borne in mind, however, that the
permeability referred to here is the cement gel
permeability and not the bulk permeability of
the cement paste. No investigators have further
explored the possibility of increased permea-
bility as beneficial.
McHenry and Brewer suggested that an air
drying period results in more unhydrated cement
being available for autogenous healing during
freezing and thawing. [26] They believed this
factor to be especially significant in labora-
tory tests where concretes were exposed to
freezing and thawing at relatively early ages
and cited the work of Reagel and Hornibrook to
substantiate their contention. [27] [28]
Reagel found that thawing at 400 F caused more
rapid deterioration than thawing at 90° F and
his results were confirmed by Hornibrook.
Hornibrook attributed the greater resistance
at a higher thawing temperature to possible
repair of damage by autogenous healing.
Drying has little effect upon the other
factors which determine the magnitude of hy-
draulic pressure. The distance unfrozen water
must travel to reach an escape boundary is
influenced very little by drying, since it is
dependent primarily upon the characteristics
of the air void system in the concrete.
Verbeck states that upon very long and contin-
ued exposure to water, the air voids, particu-
larly the smaller voids, may become filled
with water. [19] He states, however, that
such a process is lengthy since it requires
that the air in the void, which would be
compressed by the absorption process, must
dissolve in the capillary water and slowly
diffuse out of the specimen to permit filling
of the void with liquid. Since, in several
studies, immersion was for no longer than 14
days, the air void system was probably not
altered.

III. DESCRIPTION OF EXPERIMENTAL PROGRAM
The experimental program was conducted
over a period of five years. The test series,
their notation and principal objectives, togeth-
er with some pertinent data describing the con-
crete mixes are summarized in Tables I through
5. The experimental results obtained in each
year were given in annual Progress Reports.
[29-32]
During the first year of this investi-
gation, an attempt was made to obtain an
overall view of the parameters controlling the
effectiveness of drying on improved concrete
freeze-thaw durability. In addition, means
to evaluate deterioration of concrete due to
freezing and thawing in terms of weight loss
or change in dynamic modulus, as well as
freezing and thawing of concrete in water or
in a 3 percent sodium chloride solution, were
compared.
The following test series and parameters
were studied during this investigation:
1. The effect of drying duration at a
given age on concrete freeze-thaw durability
(Series B-G, 2A, 2E, 2F, 2K, 2L);
2. The effect of age of concrete at
initiation of drying (Series B-G, 2B, 2C, 2D,
2F, 2J, 2K, 2L);
3. The effect of duration of resoaking
following a period of drying (Series M, N, Q,
2T, 4E, 4JO);
4. The influence of the water-cement
ratio on the effectiveness of drying in
improving concrete durability (Series 3B, 3C,
3D, 3F, 3G, 3J, 3K, 30, 3P, 3Q, 3R, 3T);
5. The influence of type of aggregate
on the effectiveness of drying in improving
concrete durability (Series 3A, 3B, 3C, 3D, 3F,
3G, 3J, 3K, 3T, 3U);
6. The influence of environmental con-
ditions during drying on concrete durability
(Series 40, 4P, 4T, 4U);
7. Studies of the distribution of evap-
orable and nonevaporable water in drying or
rewetted concrete (Series 2G, 2H, 2Q, 2R, 3M,
3N, 30);
8. The influence of drying on abrasion
resistance, tensile, and compressive strength
of concrete (Series 2B - 2F, 2P, 3A, 3B, 3S;
50) ;
9. Studies on the mechanisms of the effect
of drying on concrete durability:
a. The influence of carbonation of
concrete on its freeze-thaw durability
(Series 4Q, 4R, 4S, 5L, 5N);
b. The influence of drying and re-
wetting on the amount of freezable water
and the permeability of cement paste,
mortar, and concrete (Series 5D, 5E, 5F,
5H, 5J, 5M, 5N).
In order to utilize the beneficial effects
of drying on the durability of concrete in the
field, attention has to be paid to the age of
concrete at which protective coatings or curing
components are applied to a concrete surface.
To investigate this problem, concrete speci-
mens were coated with linseed oil or curing
compounds at various ages and after various
curing treatments (Series 4A, 4B, 4C, 4F, 4H,
4L, 5B, 5C).
Most freeze-thaw experiments, as well as
the studies on moisture distribution, were
conducted on concrete or mortar prisms 3 by 3
by 15 in. For the studies on the effect of
coatings, concrete slabs 12 by 12 by 3 in.
were used. The influence of carbonation on
concrete freeze-thaw durability, as well as the
effect of drying on the amount of freezable
water, was studied on mortar specimens 1/2 by
3 by 15 in. and 1/2 by 3 by 12 in., respectively.
To determine the influence of drying on permea-
bility, circular mortar specimens 1/2 in.
thick with a diameter of 1.3 in. were used.
Most experiments were conducted on con-
crete with a water-cement ratio of 0.45 by
weight and mix proportions of 1.00:1.80:2.64
(cement:sand:gravel). In several additional
test series, the water-cement ratio was varied
between 0.45 and 0.70. Air-entrained concrete
with an air content between 4 percent and
6 percent, as well as non-air-entrained con-
crete was used. In most cases, crushed lime-
stone with a maximum size of 3/4 in. and glacial
silicious sand were used as aggregates. In
addition, concrete made from silicious river
rock and bank gravel was investigated.
The curing sequences were one of the
major variables of this investigation and are
given along with the experimental results. In
all cases, the age of concrete at the time of
testing was kept constant within each particular
test series. The freezing and thawing tests
on the concrete and mortar prisms were con-
ducted in automatic freezing and thawing cabi-
nets. The test methods used for these tests
were similar to those described in ASTM C290,
except that the specimens were frozen and
thawed in a 3 percent sodium chloride solution.
The concrete slab specimens were subjected to
freezing and thawing after a 3 percent sodium
chloride solution was poured on the surface of
the specimens. Weight loss during freezing
and thawing, changes in dynamic modulus, and
visual ratings were used to determine deter-
ioration due to freezing and thawing. A
detailed description of test procedures is
given in the Appendix.
IV. EXPERIMENTAL RESULTS
4.1 INFLUENCE OF DRYING ON CONCRETE FREEZE-
THAW DURABILITY
4.1.1 Effect of Drying Duration Upon
Concrete Freeze-Thaw Durability
The influence of drying duration on
concrete freeze-thaw durability for a given
age of concrete at which drying was commenced
can be seen from the results of Series 2A, 2E,
2F, 2K, and 2L. They are summarized in
Figure 1.
In Figure I the weight loss of concrete
prisms with a water-cement ratio of 0.45 after
140 cycles of freezing and thawing is given as
a function of the drying duration for a given
age of concrete at the initiation of the dry-
ing period. The scatter of experimental data
is considerable due to some differences in the
air content of the specimens, as well as differ-
ences in the age and degree of hydration of
the concrete at the time of freeze-thaw test-
ing. Nevertheless, there is a clear trend
indicating that with an increase of the dura-
tion of drying there is initial decrease of
weight loss. After passing through a mini-
mum (around 3 to 7 days) further increase of
the drying duration somewhat reduces the
effectiveness of drying in improving concrete
durability. As shown in Figures 8 - 10, simi-
lar trends were observed on concretes made of
various types of aggregates and different water-
cement ratios. It is worth noting that for
concretes initially wet cured for at least
14 days, an increase in drying duration from
10 to 25 days does not cause a marked increase
of the weight loss after 140 cycles of freezing
and thawing. The effect of varying drying
duration and the dependence of this effect on
the age of concrete at which drying is com-
menced can be related to the degree of con-
crete hydration at the beginning of freeze-
thaw testing. This effect will be discussed
further in Chapter 5 of this report.
4.1.2 Effect of Concrete Age at Initiation
of Drying
Within Series 2F and 2C, concrete
specimens with a water-cement ratio of 0.45
were subjected to various drying periods after
an initial moist-curing period of 14, 28, and
56 days. The effect of drying at earlier ages
of 1/2, 3, or 7 days can be studied using the
results of other test series. The experimental
data from these studies are summarized in
Figures 2 - 7. There, for a given duration of
drying the weight loss, after 140 cycles of
freezing and thawing, is given as a function
of the days of wet curing prior to drying.
The designation of the particular test series,
the air content, and the age of concrete at
the time of freeze-thaw testing are given
next to the data points which represent the
average values obtained from individual speci-
mens. In Figure 6, the data shown in Figures
2 - 5 are summarized. Figure 7 shows the
deterioration of continuously moist-cured
specimens as a function of the age of concrete
at the time of freeze-thaw testing. Again,
the scatter of experimental data is consider-
able, but not unusually high for freeze-thaw
testing. In all cases, drying improved con-
crete durability and, in some cases, led to a
reduction of the weight loss, after 140 cycles
of freezing and thawing, to less than 5 percent
of the weight loss of continuously wet-cured
specimens. However, duration of drying, as
well as the age of concrete at initiation of
drying, had a pronounced influence on con-
crete freeze-thaw durability.
Specimens which were dried at an early
age of half a day suffered a greater deteriora-
tion than those dried at an age of 3 or 7 days.
(Figures 2 and 5). This is to be expected
since very early drying interrupts the hydration
process at an early stage resulting in a
reduced strength, particularly of the con-
crete surface layers. An increase of the age
at drying beyond 7 days leads to increased
deterioration due to freezing and thawing as
is clearly shown in Figure 6. This trend is
less pronounced as the age at drying increases,
so that the specimens which were dried at an
age of 14 to 28 days had only a slightly
better frost resistance than specimens which
were dried after 56 days of initial wet
curing.
The evaluation of the experimental data
on the effect of drying duration as well as on
the concrete age when drying was commenced is
hampered by the fact that in addition to the
parameters to be studied, either the resoaking
duration or the concrete age at the beginning
of exposure to freezing and thawing had to be
varied. To further investigate the influence
of resoaking and thus the concrete age at
initiation of frost exposure, two additional
test series, 4E and 4J, were investigated. The
specimens had water-cement ratios of 0.45 and
0.55. They were initially wet cured for 7
days, dried for 3 or 6 days, and then rewetted
for periods of 1, 3, 7 or 14 days. Thus the
total age of concrete at the time of freeze-
thaw testing varied between 11 and 27 days.
The results of these tests are shown in Figures
66 and 67. Apparently, there is no clear trend
indicating a major influence of the rewetting
duration on the freeze-thaw durability of
previously dried specimens. This may be due
to absorption of water during freezing and
thawing so that all specimens eventually reach
the same degree of saturation. The variation
in degree of hydration at the beginning of
freeze-thaw testing was not large enough to
cause major differences in freeze-thaw resis-
tance. This will be discussed in more detail
in Section 4.3.
The freeze-thaw deterioration of contin-
uously wet-cured specimens (Figure 7) appears
to decrease with an increase of age by several
weeks; however, the variations in air content
overshadow this effect.
From the experiments described in this
chapter, it can be concluded that regardless
of the extent of drying, drying will be bene-
ficial to the freeze-thaw resistance of con-
crete. Drying at an early age of half a day
or one day will only slightly increase the
durability of concrete, whereas drying at an
age of 3 to 7 days will significantly increase
concrete freeze-thaw durability. Drying at an
age of more than 14 days is still beneficial,
but less effective than drying at an age of
approximately 7 days.
4.1.3 Effect of Mix Proportions and Types of
Aggregates
In order to ascertain that the phenomena
described in the previous sections are also
valid for other concrete mix proportions,
additional test series with water-cement
ratios of 0.55, 0.625, and 0.70 were investi-
gated. Earlier studies which were discussed
in Chapter II of this report indicated that
the effect of drying upon concrete freeze-
thaw durability may be influenced by the
particular type of aggregates used. Therefore
concretes made of three different types of
aggregates were also studied in this investi-
gation. The specimens were initially wet
cured for 7 days, and then dried for 0, 1, 3
or 6 days. After drying, the specimens were
rewetted until they reached an age at testing
of 14 days.
In Figures 8 through 10, the freezing and
thawing data are summarized. In these figures,
the weight loss after 140 cycles of freezing
and thawing is given as a function of the drying
duration. Each graph shows the freezing and
thawing resistance of concrete containing one
of the three types of coarse aggregates. For
each curve, the water-cement ratio has been
kept constant at 0.45, 0.55, 0.625, or 0.70.
The results from these tests may be
summarized as follows:
1. In all series, the continuously wet-
cured specimens suffered greater deterioration
than specimens subjected to periods of air
drying.
2. For all coarse aggregates and most
mix designs tested, there is a definite optimum
length of drying period of approximately 3 days
at which deterioration from freezing and thawing
is minimized. Shorter drying periods result in
deterioration approaching that of the contin-
uously wet-cured specimens, and an extension
of the drying period beyond 3 days also results
in a slight reduction of frost resistance. It
is noteworthy that the specimens dried for 6
days had a lower degree of saturation at the
beginning of frost exposure than the specimens
with shorter drying periods. This was because
their resoaking period was only I day. Never-
theless, they had a lower frost resistance.
3. For given curing conditions, deteriora-
tion increases as the water-cement ratio in-
creases.
4. For given mix proportions and curing
conditions, the concretes cast with crushed
limestone and dolomitic limestone bank gravel
aggregates suffered far less deterioration
than the concrete specimens using silicious
river gravel.
Thus the results from this study indicate
that the beneficial effect of drying also holds
true for other mix proportions and aggregate
types. While it is clear that early drying
periods have a beneficial effect on the frost
resistance of concrete, such drying periods
cannot overcome the unsoundness of unsuitable
aggregates.
4.1.4 Effect of Temperature and Relative
Humidity During Drying
In all experiments described so far,
the specimens were dried in a constant
environment of 720 F at 50 percent relative
humidity. In field curing of concrete,
variations in both temperature and relative
humidity during drying have to be expected.
Under such conditions, however, the optimum
drying duration may be significantly changed.
Therefore tests were conducted on concrete
specimens exposed to the following environmental
conditions during drying:
Specimen Temperature Relative Humidity
Series (OF) (%)
35, 50, 80
35, 50, 80
35, 50, 80
Each series of specimens included 30
concrete prisms subjected to ten different
curing treatments. Air-entrained concrete
with a water-cement ratio of 0.55 was used.
All specimens were initially wet cured 7 days
and then dried either 1 1/2, 3, or 9 days in
environments with relative humidities of 35,
50, or 80 percent. These three drying periods
were chosen because calculations indicated
that they should result in approximately the
same moisture loss during drying at relative
humidities of 35, 50 and 80 percent, respec-
tively. The specimens were dried in three
controlled environment rooms, except for the
Series 4U specimens dried at 500 F which had
to be dried in plexiglass curing boxes using
chemicals to maintain the desired relative
humidities. At an age of 21 days, freezing
and thawing tests were started, and the speci-
mens were weighed. In addition, measurements
of their dynamic moduli were made about every
20 cycles until 140 cycles of freezing and
thawing were completed.
The results from the freezing and thawing
tests of these three test series are summarized
in Figures 11 through 13. There, the weight
loss after 140 cycles of freezing and thawing
is given as a function of duration of drying.
In Figures 14 through 16, the relative dynamic
modulus is plotted versus drying duration.
The influence of temperature and relative
humidity on the effectiveness of drying for a
given drying duration is summarized in Figures
17 through 19. The differences in weight loss
for specimens dried at various temperatures
and relative humidities were unexpectedly small.
However, for all environmental conditions inves-
tigated, an increase in the drying duration
results in an improvement of concrete freeze-
thaw durability. In contrast to the experi-
ments reported in the previous section, there
is no pronounced optimum drying period with
the exception of specimens dried at a tempera-
ture of 950 F (Figure 13). For drying periods
longer than 1 1/2 days, the deterioration for
a given drying duration decreases slightly as
the relative humidity during drying increases.
Also for a longer drying period, drying at a
temperature of 720 F resulted in more durable
concrete than drying at either lower or higher
temperatures (Figures 18 and 19).
Similar to the weight loss measurements,
the relative changes in dynamic modulus given
in Figures 14 through 16 also show decreased
freeze-thaw deterioration with an increase in
the duration of drying, while the influence of
relative humidity and temperature during drying
is small.
4.1.5 Effect of Carbonation During Drying
Existing experimental evidence indicates
that most of the constituents of cement are
subject to ultimate carbonation under ideal
conditions. [33] The rate of carbonation depends
on the concentration of carbon dioxide (C02 )
present in the air during the drying of concrete
or cement paste, the moisture content of the
concrete, and the relative humidity of the air.
The size of the specimen is also a factor since
carbonation penetrates very slowly beyond the
exposed surface of the concrete. Verbeck found
that carbonation may reduce the permeability of
cement paste by as much as 50 percent and may
significantly affect its shrinkage character-
istics. The change in permeability due to
carbonation of the surface layer of dried con-
crete may reduce the penetration of deicing
agents, and thus may, at least partially, explain
the beneficial effect of drying periods upon
the freeze-thaw resistance of concrete.
Since it is known that carbonation of con-
crete is restricted mainly to the surface layer
of a specimen, it was desirable to use specimens
with a high, surface area-to-volume ratio.
Therefore the laboratory investigation into the
influence of carbonation on the frost resistance
of concrete was carried out using thin, mortar
slab specimens 1/2 by 3 by 15 in. Three series
of mortar slab specimens were cast (Series 4Q,
4R, and 4S) using the procedure described in
the Appendix of this report. A water-cement
ratio of 0.45, an entrained-air content of
6.8 ± 1.0 percent, and a flow of 50 ± 10 percent
were maintained. The specimens were initially
wet cured for 1, 3, or 7 days and then dried
for 7 days in either C02 -free air, air with a
normal CO2 content (approximately 150 to 300 ppm),
or air containing a high content of CO2 (approxi-
mately 3000 ppm). All specimens were rewetted
until they reached an age of 21 days. At this
time, they were exposed to freezing and thawing.
Changes in the moisture content of the
mortar specimens during wet curing and drying,
prior to freezing and thawing, were evaluated
by weighing the specimens daily except while
drying in the curing boxes. Weight gain and
loss during curing can be attributed to changes
in the moisture content and to an increase of
the weight of the specimens due to take up of
CO2 from the surrounding environment.
Weight changes during curing for the
three series of mortar slab specimens are
shown in Figures 20, 21, and 22. According
to these data, the rate of weight loss during
drying decreased slightly as the age at which
drying was commenced increased and was lower
when there was a higher CO2 content in the
drying environment. Also, the specimens dried
in air with a high CO2 content and then
rewetted for a minimum of 11 days reached a
higher positive level of weight change than
the specimens which were continuously wet cured
or dried in an environment with a low CO2
content. The difference in weight change during
rewetting, i.e., the amount of water absorbed,
was smaller for the specimens which were stored
in an environment containing CO2 than for the
specimens stored in C02 -free air. The reduced
rate of weight loss during drying as well as
the larger weight after rewetting of the speci-
mens which were exposed to CO2 is caused by the
formation of carbonation products and a corres-
ponding weight gain which partially offsets
the loss of moisture during drying. The obser-
vation that carbonated specimens gained less
weight during rewetting than specimens dried
in CO2 -free air indicated that carbonation may
affect moisture movement, and may reduce the
permeability of mortar or concrete. This will
be discussed further in Section 4.4.
At an age of 21 days, the mortar slab
specimens were submerged in a 3 percent sodium
chloride solution and placed in a freezer.
Freezing and thawing tests were performed
manually at the rate of about 2 cycles per day.
At intervals of approximately 20 cycles, the
specimens were removed from the salt solution,
rinsed off, weighed, and photographed. Deteri-
oration during freezing and thawing was evalu-
ated in terms of weight loss.
The results of freezing and thawing tests
of the mortar slabs are summarized in Figure
23; there the weight loss in percent of the
initial weight of the specimens after 140 cycles
of freezing and thawing is plotted versus the
number of days of initial wet curing. For
initial wet curing periods of 3 and 7 days, the
specimens dried in air containing normal.or
high CO 2 contents suffered less deterioration
during freezing and thawing than specimens
dried in C02 -free air. However, specimens
which were initially wet cured for only 1 day
showed the highest deterioration if dried in
air with a high CO2 content. The specimens
which were dried in air with a normal CO2
content consistently suffered the least amount
of deterioration for all three initial wet
curing periods.
The results from the mortar slab tests
indicate that carbonation may have a slight
beneficial effect on frost resistance for
specimens initially wet cured for 3 or more
days. However, the difference between
the frost resistance of mortar dried in normal
air or C02 -free air is so small that the bene-
ficial effect of air drying on concrete dura-
bility cannot be attributed to carbonation
during drying.
4.2 INFLUENCE OF DRYING ON STRENGTH AND
ABRASION RESISTANCE OF CONCRETE
Although drying significantly improves con-
crete durability, it may not be possible to
utilize this effect to its full extent if drying
is harmful to other important properties of con-
crete, such as tensile and compressive strength
and/or abrasion resistance.
4.2.1 Compressive Strength
Within the test Series 2B through 2F, con-
crete cylinders 4 by 8 in. with a water-cement
ratio of 0.45 were cast in addition to the con-
crete prisms used for freeze-thaw testing. Both
prisms and cylinders were subjected to identical
curing treatments. The concrete cylinders were
tested in compression the same day freezing and
thawing tests were initiated on the prisms.
Results from the compression tests are
shown graphically in Figure 24. There is no
substantial evidence that short drying periods
had an adverse effect on the compressive strength
of concrete. Only a few of the dried specimens
had a compressive strength slightly below the
strength of continuously wet cured specimens
tested at the same age, but several specimens
showed the opposite trend.
4.2.2 Flexural Strength
Within Series 50, concrete prisms 3 by 3
by 15 in. were cast and used to determine the
effect of drying on .the flexural strength of
concrete. The specimens were loaded at the
third points of a span of 13 in. The modulus
of rupture of specimens subjected to various
curing treatments are given in Table 6. In
Figure 25, the modulus of rupture of the beams
is given as a function of the drying duration.
Each value given in the table and Figure 25
represents the average of six tests. The results
show that short drying periods of less than 3
days will not significantly affect the flexural
strength of concrete. There is an average
decrease in flexural strength of 4 percent for
specimens dried for 3 days and an 8 percent
decrease in flexural strength of specimens dried
for 14 days.
4.2.3 Abrasion Resistance
Table 7 gives the results of abrasion
tests conducted within test Series 2P, 3A, 3B,
and 3S. All specimens were initially wet cured
for 7 days and then subjected to various periods
of drying. Abrasion tests were conducted at an
age of 14 days in accordance with ASTM C418.
From the results of the three test series, it
can be concluded that short drying periods of
7 days or less have no noticeably detrimental
effect upon the abrasion resistance of concrete.
However, concrete subjected to extended drying
periods or insufficient wet curing following
early air drying may suffer losses in abrasion
resistance.
4.3 INFLUENCE OF DRYING ON DEGREE OF SATURATION,
WATER CONTENT, AND DEGREE OF HYDRATION
It has been stated previously that the
water content and the degree of saturation
of cement paste are important parameters for
the freeze-thaw resistance of concrete; low
water content and degree of saturation result
in more frost-resistant concrete. The degree
of hydration influences frost resistance of
concrete in various ways: a high degree of
hydration reduces the capillary porosity of
the cement paste and thus the amount of
freezable water. In addition, it increases the
strength of the cement paste and consequently
enhances its resistance against hydraulic
pressure caused by freezing of water in cement
paste. Drying may influence the degree of
saturation if during rewetting concrete does
not regain all water which it had lost during
drying. The degree of hydration may be affected
by drying if more water is lost during drying
than is necessary to insure continued hydration.
Therefore several test series were conducted
to investigate the effect of drying periods of
various durations upon the degree of saturation
and hydration of dried and rewetted concrete.
4.3.1 Degree of Saturation
Figures 26 and 27 show the weight change
of concrete prisms 3 by 3 by 15 in. from test
Series 2E and 2F, during the drying and rewet-
ting periods prior to exposure to freezing and
thawing. Since the drying periods were compara-
tively short and the specimens larger than
those discussed in Section 4.1.5, the effect
of carbonation during drying is likely to be
minimal. Thus the recorded weight changes
can be attributed mainly to changes in moisture
content. According to Figures 26 and 27, the
concrete specimens approached but never reached
the weight of continuously wet cured specimens.
From this observation, one might conclude that
the difference in the degree of saturation of
wet cured specimens and of specimens with
intermittent drying periods may be responsible
for the difference in frost resistance between
both groups.
Therefore the ratio of water content at
the beginning of freeze-thaw testing of con-
crete specimens subjected to various drying
periods to the water content of continuously
moist-cured specimens was calculated. Average
values are given in Table 8. According to
this table, these ratios range from 0.95 to
0.98. Thus the water content of dried speci-
mens at the beginning of freeze-thaw testing
is consistently below the water content of
continuously moist-cured specimens and may
indeed be at least partially responsible for
the improved frost resistance of dried concrete.
To further verify this, the degree of satura-
tion at the beginning of frost exposure was
calculated for several specimens studied during
the second year of this investigation. The
degree of saturation S was defined as the ratio
of the total volume of free water contained in
the concrete to the total volume of voids,
including entrained air. The water content at
a given time was calculated from the original
water content of the specimens and from the
weight changes during curing. The amount of
nonevaporable water Wn was subtracted and
estimated from:
W = 0.24 mC
ne
where m is the estimated degree of hydration
and C is the cement content of the concrete.
[34] The relation between weight loss due to
freezing and thawing and degree of saturation
is shown in Figure 28. For reference, the
corresponding test series and the air content
are indicated on each point in Figure 28.
According to this figure an increase in degree
of saturation resulted in reduced frost resis-
tance. However, the relationship between weight
loss during freezing and thawing and the degree
of saturation is not unique, and there is a
distinct difference in the behavior of contin-
uously wet-cured specimens and of specimens
with intermittent drying periods.
In order to better understand the effect
of degree of saturation on concrete freeze-thaw
durability, air-entrained mortar cylinders 2
by 4 in. were initially wet-cured for 7 days,
then dried for 1/2, 1, or 7 days and rewetted
until they reached an age of 21 days (Series
2T). Half of the specimens subjected to
periods of drying were placed under a vacuum
of 17, 20, 25, or 28 in. of mercury so that
the specimens could be resoaked such that
their weight would be equal to the weight of
the specimens which were continuously wet
cured. The weight changes during curing of
some specimens are shown in Figure 29. The
specimens which were dried but not subjected
to vacuum treatments regained most, but not
all, of the water lost during drying. The
vacuum treated specimens, however, had a weight
approximately equal to the weight of continuously
wet-cured specimens.
It is not unlikely that the vacuum satura-
tion of the mortar specimens may have affected
the pore structure of the cement paste and may
have led to a different moisture distribution
within the cement paste, thus altering the
amount of freezable water.
Based on the data given in Figure 28 and
Table 8, it can be concluded that wet-dry-wet
cured concrete has, indeed, a lower degree of
saturation than continuously wet-cured concrete.
It is, however, unlikely that these differences
are solely responsible for the effect of drying
on concrete freeze-thaw durability.
4.3.2 Water Content
The states of water which exist in con-
crete can be divided into two main categories,
the evaporable and the nonevaporable water.
The nonevaporable water is, in most cases, con-
tained within the hydration products of the
cement, and is proportional to the degree of
hydration. [34, 35] The evaporable water may
be contained within the cement paste or the
aggregate pores. The amount of evaporable
water is a measure of the degree of saturation
of the concrete and of the amount of freezable
water. However, not all of the evaporable
water is freezable. The amounts of both non-
evaporable and evaporable water vary with time
and are influenced by the curing conditions.
Consequently, the influence of curing conditions
upon the frost resistance of concrete may be
traced back to changes in the nonevaporable
and evaporable water content. Therefore the
objective of one phase of this investigation
was to determine the variation of nonevaporable
and evaporable water content in drying concrete
as functions of (1) age at beginning of drying,
(2) duration of drying, and (3) distance from
the drying surface. In addition, the influence
of resoaking periods following drying periods
was studied.
Concrete specimens from Series 2G were
subjected to drying at ages of 1, 3, and 7
days. All six surfaces of each concrete prism
were exposed to drying. During drying, the
relative humidity inside the specimen at dis-
tances of 1/4, 3/4, and 1 1/2 in. from the
surface was measured with a Monfore probe and
a strain indicator as described in the appen-
dix. [36] The specimens were dried continu-
ously for 421 days, and relative humidity
measurements were made daily during the first
two months of drying and at less frequent
intervals thereafter.
Typical results of the relative humidity
measurements are shown in Figures 30 through
32. For a given duration of drying, the rela-
tive humidity inside the specimen increased
with increasing distance from the drying sur-
face and with increasing age of concrete at
which drying was initiated. This is in accord-
ance with previous studies on the same subject.
[21,35] Even after 420 days of drying the
section 1/4 in. away from a drying surface
showed a larger relative humidity than the
surrounding atmosphere. The most significant
result, with respect to the freeze-thaw tests,
is the observation that after two days of dry-
ing the relative humidity of the concrete
sections 3/4 in. away from a drying surface
was still almost 100 percent.
In order to obtain more conclusive data
regarding the moisture content of concrete at
various distances from the drying surface and
after various periods of drying, additional
test series, 2Q and 3M, were investigated.
The specimens for these test series were
cast of mortar and all surfaces except one end
were sealed after initial wet-curing periods
of 7, 28, or 60 days. A silica sand was used
as an aggregate which had a minimal evaporable
moisture content and an almost zero loss of
ignition. These properties were necessary in
order to be able to determine the amount of
nonevaporable water in the cement paste. The
specimens were sealed in order to obtain a
uniaxial state of drying. The prisms were
subjected to drying periods ranging from 14
to 180 days (Series 2Q) and from I to 7 days
(Series 3M). Relative humidity readings with-
in the specimens of Series 2Q were taken during
drying at distances of 1/2, 1, 3, and 6 in.
from the drying surface using a Monfore probe.
Figures 33 and 34 show the location of the
wells used for the relative humidity measure-
ments. Three specimens were subjected to
each curing treatment and the results were
averaged. At the end of the drying periods,
the specimens were broken into slices 3/4 in.
thick to determine the content of both evapor-
able and nonevaporable water at various distances
from the drying surface. The test procedures
used are described in the Appendix.
Figures 35 through 37 show typical results
of the relative humidity and weight measure-
ments during drying as a function of drying
time. As would be expected, the measurements
taken nearest to the drying surface show the
greatest reduction in relative humidity.
Relative humidity measurements taken farther
away from the drying surface decreased at
slower rates. The relative humidity versus
time curves for specimens subjected to drying
at various ages, show that the rate of decrease
of relative humidity decreases as the age at
which drying is initiated increases.
In general, the changes in specimen weight
during drying showed the same behavior as the
changes in relative humidity readings; i.e.,
the rate of weight change during drying decreases
as the age at which drying is initiated
increases.
Typical results of measurements of the
content of evaporable and nonevaporable water
and of the relative humidity of each specimen
at the end of the drying period are shown
graphically in Figures 38 through 40 (Series
Q) and Figures 41 through 43 (Series 3M). In
Table 9, evaporable, nonevaporable, and total
water content at distances of 1, 2, 4, 8 and
15 in. from the drying surface are given for all
specimens. The following statements summarize
the results from these measurements.
1. The content of nonevaporable water,
which is a measure of the degree of hydration,
was almost constant within a specimen of given
age. After the mortar was exposed to drying,
the nonevaporable water content increased in
most cases, and consequently the mortar con-
tinued to hydrate, even at a distance of I
in. from the drying surface (see Figure 44).
However, it is worth noting that during drying
the surface layers of the mortar may have
carbonated, which would lead to an increase in
nonevaporable water content without an increase
of the degree of hydration (see Section 4.3.3).
2. For a given specimen, the content of
evaporable water and thus the content of freez-
able water varied only in regions close to the
drying surface. The depth of this region
ranged from 2 to 4 in. and increased as the
drying time and the age at initiation of dry-
ing increased.
3. Even after 180 days of drying, the
total water content was almost constant at
distances from the drying surface larger than
about 2 in. The total water content at a dis-
tance of I in. decreased with increasing drying
time. This decrease was more pronounced the
younger the mortar at initiation of drying.
For mortar initially wet cured over 60 days,
there was no significant reduction in total
water content between 28 and 180 days of drying.
4. The relative humidity measurements
showed a reduction of the internal relative
humidity with increasing drying time and
decreasing distance from the drying surface.
A reduction was recorded even for sections in
which the total water content stayed constant.
These measurements are, however, somewhat
doubtful because a fairly steep gradient of
the relative humidity distribution was measured
even in regions in which the gradient of the
nonevaporable and evaporable water content
distribution was already zero.
In order to simulate the curing treatments
of the specimens used in the freezing and thaw-
ing tests, the moisture distribution in speci-
mens at the end of a wet-dry-wet curing cycle
was also determined (Series 2R and 3N). All
mortar prisms were initially wet cured for 7
days before being sealed and subjected to 28
days (Series 2R) or 1, 4, and 7 days (Series
3N) of uniaxial drying. Following drying,
the specimens were placed with their surfaces
down in a resoaking tank and subjected to
periods of resoaking ranging from 7 to 90
days (Series 2R) and 3 or 6 days (Series 3N).
Typical results of the relative humidity
and weight change as a function of the age of
the mortar are shown in Figures 46 through 47
(Series 2R). No relative humidity measure-
ments were taken for the specimens of Series
3N. The rate of moisture movement, as measured
by changes in relative humidity and specimen
weight during resoaking, was most pronounced
in the portion of the specimen nearest to the
resoaking surface. Most specimens returned to
their initial weights after approximately 10
days of resoaking. At the end of the resoaking
period, the specimens were split into thin
sections to determine the moisture content
distribution. The results from these measure-
ments are shown in Figures 48 through 50 (Series
2R) and Figures 51 through 53 (Series 3N). As
with the specimens which were not resoaked, the
content of nonevaporable water increased with
increasing age of the concrete. Its distribution
was uniform across the length of the specimens.
The evaporable water content near the resoaking
surface of the specimens of Series 2R was, even
for the specimens resoaked for only 7 days, at
least as large or even larger than the corres-
ponding values measured in sections which were
unaffected by the preceding drying period. This
is in contrast to the measurements of the total
weight, which indicated that the specimens re-
soaked for only 7 days did not regain all of their
water. The distribution of the relative humidity
showed a trend similar to that of the distribu-
tion of evaporable water.
The specimens tested in Series 3N were sub-
jected to drying periods similar to those used
in most freezing and thawing experiments. Simi-
lar to the previous series, short drying as well
as resoaking periods had no influence upon the
nonevaporable water content. The evaporable
water content was markedly reduced at a distance
up to 3 in. away from the drying surface; re-
soaking periods as short as 3 days resulted in
an almost uniform distribution of the evaporable
water content, at least within the accuracy
which can be expected in these experiments.
4.3.3 Degree of Hydration
As has been stated earlier, the degree of
hydration, i.e., the volume or weight fraction
of cement which has hydrated at a given time,
is proportional to the weight of nonevaporable
water. [34]
m = Wne/0.24C
where
m = degree of hydration,
Wne = nonevaporable water by weight,
C = cement content by weight.
In Section 4.3.2, data on the content and dis-
tribution of nonevaporable water were given and
it was stated that short drying periods may
lead to a reduction of the nonevaporable water
content and thus of the degree of hydration
only in regions close to the surface. In some
instances (see Figures 38, 48, and 50), the non-
evaporable water content 1 in. away from the
drying surface was even higher than the corres-
ponding values of the interior of the specimens.
These data may be explained by carbonation of
the surface layer. If CO2 diffuses into mortar
or concrete, it may react with the hydration
products of the cement paste, and CO2 becomes
chemically bound. The nonevaporable water con-
tent is determined by heating a sample to
10000C. If carbonation had taken place, not
only the nonevaporable water but also the
chemically bound CO2 will be liberated. Con-
sequently, the values for the degree of hydra-
tion deduced from such tests may be erroneous.
In addition to the experiments described
in Sections 4.3.2, the degree of hydration was
also determined for mortar specimens 1/2 in.
thick which were used for the permeability
studies described in Section 4.4 (Series 5J,
5L, 5M, 5N). The calculated values for the
degree of hydration are summarized in Tables
10 through 13, together with the curing treat-
ments to which these specimens were subjected.
The data indicate that drying up to 12 days
reduced the degree of hydration by less than
10 percent. Short drying followed by wetting
even seemed to increase the degree of hydration.
Since it was thought that this observation may
be due to carbonation, the specimens of Series
5L and 5N were dried in air free of CO2 . Even
for this case, drying for less than 7 days
led to no significant reduction of the degree
of hydration.
In conclusion, it may be stated that
short drying periods of concrete or mortar
which was initially moist cured for 7 days
and which was rewetted following the drying
period, have little harmful effect on the
degree of hydration of the cement.
4.4 INFLUENCE OF DRYING ON PERMEABILITY
The permeability of concrete is a princi-
pal factor controlling the rate of flow of
water into or out of concrete. Particularly,
the permeability of cement paste may also
influence concrete frost resistance, since
higher permeability will lead to a more rapid
relief of hydrostatic pressure developed in
the gel due to freezing of water in the con-
crete. On the other hand, an increase of
concrete permeability, e.g., due to a high
water-cement ratio, insufficient curing or
consolidation, may increase the rate of absorp-
tion of surface water and deicing salts and
thus reduce concrete durability. Particu-
larly if the time during which concrete may
absorb water is short, concrete with a high
permeability may reach a critical degree of
saturation while the water content of a con-
crete with low permeability may still be less
than the critical value.
Therefore several series of tests (Series
5J, 5M, 5N) were conducted to investigate the
effect of drying on concrete permeability. In
Series 5J and 5N, the specimens were dried
after 7 days of wet curing. The specimens of
Series 5M and 5N were subjected to an initial
wet-curing period of 28 days. Specimens from
Series 5N were dried in C02 -free air. Small
mortar specimens with a water-cement ratio of
0.7 were subjected to various drying and curing
treatments which are given, together with the
experimental results in Tables 10 through 12.
In order to facilitate the experimental pro-
cedures, non-air-entrained concrete was used.
The experimental setup is described in the
Appendix to this report.
The results of the experiments are summar-
ized in Tables 10 through 12, as well as in
Figures 54 through 57. Figure 54 shows the
relationship between rate of flow and time
after beginning of the experiments for speci-
mens of Series 5J which were initially wet
cured for 7 days, dried for 1, 3, 7 or 12 days
respectively, and then rewetted until they
reached an age of 21 days. Initially, the
rate of flow decreased with increasing time of
testing. However, after approximately 30,000
sec. (8.3 hrs.), the rate of flow was nearly
constant. The values of rate of flow or of the
coefficient of permeability after 30,000 sec.
are considered in the following discussions.
The coefficient of permeability k is propor-
tional to the rate of flow Q. For the particu-
lar test setup and test conditions (see
Appendix) it can be calculated using the
following expression:
k = 2.27 x 10 5x Q (cm/sec).
The effect of age of continuously wet-cured
mortar on its permeability can be seen from
the data given in Table 10. As the age of the
mortar increases, the rate of flow and the co-
efficient of permeability decrease rapidly.
This is in agreement with findings reported
previously. [16,37]
The influence of drying on the permeability
of mortar which was initially wet cured for 7
days is shown in Figure 55; the coefficient
of permeability is given as a function of
duration of drying. Twelve days of drying
increase the coefficient of permeability by
one order of magnitude. A similar increase
in the permeability of cement paste was observed
previously by Powers et al. [16] The results
of the permeability measurements on specimens
which were initially wet cured for 28 days
(Series 5M) are given in Table 11, as well as
in Figure 56. As with specimens dried at an
earlier age, drying leads to an increase of
the coefficient of permeability. For 12 days,
these values increased by a factor of approxi-
mately 4. Thus drying after 28 days had a
smaller effect on the coefficient of permeabil-
ity than drying at an age of 7 days.
The effect of carbonation during drying can
be seen by comparing the experimental data from
Series 5M and 5N as given in Figure 57. There,
the coefficient of permeability of dried speci-
mens is given as a fraction of the coefficient
of permeability of specimens which were con-
tinuously wet cured for 28 days. Particularly,
the data from Series 3N (C02 -free air) do not
indicate a clear trend, but seem to fall below
the values obtained for the specimens which
were dried in normal air. Previous data (Series
4Q, 4R, 4S) had shown that specimens which were
exposed to CO2 during drying absorbed water
less rapidly during subsequent rewetting than
specimens which were dried in CO 2-free air.
This may be a consequence of carbonation, since
it is generally assumed that carbonation of
cement paste may reduce mortar and concrete
permeability if calcium carbonate, a product
of carbonation, is deposited in the pores of
the cement paste. [33]
In Figure 58, the coefficient of permea-
bility of dried and continuously wet-cured
specimens is given as a function of the degree
of hydration which was determined for the speci-
mens from Series 5J after completion of perme-
ability testing. From these data, it can be
seen clearly that even for a given degree of
hydration the coefficient of permeability
observed on dried specimens is larger than
for specimens which were continuously wet
cured.
4.5 INFLUENCE OF DRYING ON THE AMOUNT OF
FREEZABLE WATER
It had been shown in Section 4.3, that
concrete which was dried for a certain period
of time would, during rewetting, regain all of
the water which it had lost during drying;
however, its water content would be less than
the water content of continuously wet cured
concrete at the same age. Thus drying between
wet curing of concrete may lead to a small
reduction of the degree of saturation. It
appeared to be more important, however, that
such a reduction of the degree of saturation
may, in turn, cause a reduction of the amount
of freezable water of the concrete.
In order to investigate the influence
of drying upon the amount of freezable water,
several specimens from Series 5J, 5M, and 5N
were used to determine the amount of freezable
water. These experiments are described in
more detail in the Appendix. Mortar slabs
1/2 by 3 by 13 in. with a water-cement ratio
of 0.7 were subjected to various curing
treatments. They were then frozen to a temper-
ature of OOF. Heating elements were embedded
in these specimens, and after they were frozen,
an electric current of known magnitude and
potential was fed through the embedded wires
thus heating the specimens. The changes in
temperature of the specimens were measured by
thermocouples. The variation of temperature
with time and power input was recorded graph-
ically, and the amount of water which was
frozen could be calculated on the basis of the
specific heat of the specimens and the heat of
fusion of water. Similar methods to determine
the amount of freezable water have been described
previously by other investigators. (38, 39]
The experimental data obtained by this
method are summarized in Table 14 and Figures
59 through 61. In Figure 59, the amount of
freezable water expressed as a percentage of
the amount of mixing water is given as a
function of age of the mortar for continuously
wet-cured specimens. As may be expected, the
amount of freezable water decreases with
increasing age and reaches a value of 28.8
percent after 42 days of wet curing. The in-
fluence of drying upon the amount of freezable
water is shown in Figure 60 for specimens which
were initially wet cured for 7 days or 28 days,
respectively, and then dried for periods between
I and 12 days. Subsequently, the specimens
were rewetted until they reached an age of 21
or 42 days, respectively. According to these
data, drying increased rather than decreased
the amount of freezable water. However, the
difference in freezable water content between
continuously wet cured and wet-dry-wet cured
specimens is not very large. A drying period
of 10 days led to an increase of freezable
water of about 10 percent of the freezable
water content of a continuously wet-cured
specimen. The increase in freezable water
content due to drying may be traced back to
differences in the degree of hydration between
wet and wet-dry-wet cured specimens. As shown
in Figure 61, the amount of freezable water of
continuously wet and wet-dry-wet cured speci-
mens is given as a function of the degree of
hydration of a particular specimen. There is
no distinct difference in the relation between
the amount of freezable water and the degree
of hydration for continuously wet-cured and
for wet-dry-wet cured specimens.
In conclusion, it may be stated that dry-
ing may influence the amount of freezable
water to a comparatively small extent. The
differences in freezable water content of wet
and wet-dry-wet cured specimens do not explain
the effect of drying upon concrete durability.

V. HYPOTHESIS FOR THE EFFECT OF DRYING ON CONCRETE FREEZE-THAW DURABILITY
Concrete is composed of a matrix of cement
paste and of aggregates as filler material.
Cement paste is a porous material, and its par-
ticular pore structure, as well as the extent
to which the pores are filled with water, are
the primary factors influencing the freezing
and thawing resistance of cement paste. In
order to explain the effects of drying on con-
crete freeze-thaw durability, the influence of
drying on the pore structure, as well as on the
amount of water contained within the pores of
the cement paste, have to be taken into account.
Pore structure and water content of the cement
paste, however, are interrelated.
As has been pointed out, e.g., by Helmuth
et al., drying of cement paste at low relative
humidity may lead to a partial collapse of the
pore structure of the cement paste. [40] If
water is removed from the gel pores separating
individual C-S-H particles, these particles may
at some points come into contact leading to the
formation of primary or strong secondary bonds.
Upon rewetting, those bonds may stay intact
leading to a permanent change of the pore struc-
ture of dried cement paste. Such a change of
the pore structure due to drying manifests it-
self in irreversible shrinkage and water loss
or in a reduction of the total porosity of
cement paste after drying and resoaking, as has
been shown experimentally by Helmuth et al. [40]
Reduction of the porosity of the paste should
also lead to a measurable reduction in the
amount of freezable water and thus may be respon-
sible for the improved freeze-thaw durability
of wet-dry-wet cured concrete. However, the
experimental results presented in Section 4.5
clearly show that the amount of freezable water
was increased rather than decreased by drying.
Furthermore, drying led to an improvement of
concrete freeze-thaw durability even if the
specimens were dried at a relative humidity of
80 percent as shown in Section 4.2.4. Under
such conditions, water will not be removed
completely from the gel pore system so that a
reduction of porosity is unlikely to occur.
Changes in the pore structure may also
come about by carbonation of the hydration
products of the cement paste. However, the
experiments described in Section 4.1.5 indicate
that carbonation during drying has little if
any influence upon the freeze-thaw durability
of mortar specimens. Even the observation that
the water content of concrete which was wet-
dry-wet cured is less than that of a continuously
wet-cured specimen does not necessarily indicate
that drying had significantly influenced the
pore structure of the cement paste. As has been
pointed out previously by Verbeck, during re-
wetting water may reenter the pore system of
the cement paste only gradually since air will
be trapped in capillary pores. To completely
fill such pores, the air has to diffuse through
the water. Such a process may take a consider-
able amount of time and hence may delay water
absorption during rewetting. However, based
upon the measurements of the freezable water
content, it is unlikely that this mechanism
may be of particular significance for the effect
of drying upon concrete freeze-thaw durability.
The changes in permeability of mortar due
to drying as described in Section 4.4 may shed
some light on the mechanism of the effect of
drying on concrete durability. As suggested
by Powers et al., differential shrinkage stresses
may be set up during drying of concrete or
cement paste which eventually exceed the tensile
strength of cement paste, thus leading to a
network of microcracks through the cement paste
or through aggregate-cement paste interfaces.
[16] Such cracks will be concentrated in the
surface regions of a dried specimen, since in
these regions the largest differential shrinkage
stresses are developed. In his model to describe
the mechanism of freeze-thaw deterioration of
cement paste or concrete as described in Section
2.1.1, Powers indicated that the permeability of
the cement gel influences the frost resistance
of the cement paste because it controls the
rate at which unfrozen water in the cement paste
system can flow to escape boundaries, such as
entrained air voids. Changes in permeability
due to drying are, with all likelihood, not
caused by a change in the permeability of the
cement gel, but rather by the development of
shrinkage cracks as described above. Never-
theless, the increased permeability caused by
microcracking may improve concrete durability
by making the pore system more effective and
continuous, thus leading to an accelerated relief
of hydrostatic pressure in the unfrozen water
during a freeze-thaw test. The observed changes
in permeability also coincide with the observed
variations in the effectiveness of drying in
improving concrete freeze-thaw durability.
Early drying periods are more effective than
concrete drying at a later age. Early drying
periods also lead to a more pronounced increase
of concrete permeability than drying at a later
age, because concrete with a high degree of
hydration also has a higher resistance to
cracking caused by shrinkage stresses. Pro-
longed drying will not significantly improve
concrete durability compared to that obtained
when the concrete which was dried for shorter
periods of time because the shrinkage stresses
which may lead to cracking have already been
relieved and have caused cracking after a few
days of drying. The fact that prolonged drying
may lead to a slight reduction of the effective-
ness of drying in improving concrete durability
may be caused by the lower degree of hydration
of dried concrete and thus to an increase in
the amount of freezable water, as has been
shown in Section 4.5.
Other investigators have suggested that
the influence of drying on concrete freeze-
thaw durability may also be linked to properties
of the aggregates. However, the experimental
results of this investigation indicated that
the type and composition of aggregates did not
significantly influence the effectiveness of
drying in improving concrete durability.
VI. PRACTICAL APPLICATIONS OF EXPERIMENTAL DATA TO CURING OF CONCRETE IN THE FIELD
6.1 TIME OF APPLICATION OF COATINGS ON THE
FROST RESISTANCE OF CONCRETE
It is generally known that the use of
deicing agents on highway pavements and bridge
decks subjected to repeated freezing and thaw-
ing may result in severe deterioration of the
exposed surfaces. Although the entrainment of
air in the concrete, the use of sound aggre-
gates, and adequate curing prior to exposure
to freezing and thawing provide improved frost
resistance, these protective measures have not
eliminated the problem of roadway scaling where
deicing agents are used. Research studies
have shown that the application of coatings on
concrete prior to freezing provides a more
positive protection against the penetration of
deicing agents into the concrete. [41, 42]
Considering both economy and performance, the
best results have been obtained with the use
of vegetable oil coatings, particularly linseed
oil solutions. Linseed oil coatings are usually
applied at a minimum concrete age of 14 days
after the concrete has been allowed to dry for
at least 48 hours.
In field curing of concrete, it is often
common practice to apply curing compounds to
the concrete surface immediately following the
finishing procedures. The purpose of curing
compounds is to prevent moisture loss. However,
if curing compounds are used, the beneficial
effect of early but short drying periods on
concrete freeze-thaw durability cannot be
utilized. Therefore various sequences of curing
and drying prior to the application of protec-
tive coatings and curing compounds were studied
to investigate their effects on concrete frost
resistance.
6.1.1 Linseed Oil
In the first group of tests, the effects
of linseed oil coatings applied at early con-
crete ages on concrete freeze-thaw durability
were studied. For this, concrete slab speci-
mens 12 by 12 by 3 in. with a water-cement
ratio of 0.45 were used. The deterioration
after freezing and thawing was rated visually
using a rating scale from 0 (no deterioration)
to 10 (severe deterioration). The rating scale
is further described in the Appendix and illus-
trated in Figures 62 and 63. The specimens
were initially wet cured for 1, 3, 7, or 14
days and then were allowed to dry for 1, 3, or
6 days. At this time, the linseed oil was
applied to the concrete surface. Then drying
was continued until the specimens reached an
age of 21 days, at which time freeze-thaw
testing commenced.
The results from the four series of speci-
mens (Series 4A, 4B, 4C, and 4L) are summarized
in Figure 64. The surface deterioration after
50 cycles of freezing and thawing is plotted
versus days of drying before coating for a
given number of days of initial wet curing.
According to Figure 64, the frost resistance
of the specimens was improved with increasing
periods of initial wet curing. Preliminary
studies indicated that the linseed oil coatings
did little to prevent further drying of the
concrete. The specimens coated with linseed
oil after only I day of wet curing were less
resistant to freezing and thawing than those
coated after longer periods of initial wet
curing because of their low degree of hydration.
This probably is also the reason why deterior-
ation tended to increase slightly with longer
drying periods prior to coating. Except for
the specimens initially wet cured for 7 days,
the concrete was most frost resistant when
coated immediately following the initial wet
curing period. In all cases, however, speci-
. mens subjected to drying with or without
linseed oil coatings proved to be far more
durable than specimens continuously wet cured.
The uncoated specimens (not shown in Figure
64) had reached a deterioration rating of 10
after 10 cycles of freezing and thawing.
It is generally believed that the linseed
oil coatings improve the durability of concrete
by preventing salt solution from penetrating
into the concrete. [41, 42] However, they do
not stop drying of concrete to any great extent,
i.e., the beneficial effect of drying on con-
crete durability can be utilized even after
coating. It is not necessary to apply linseed
oil coatings only after an initial drying
period.
6.1.2 Curing Compounds
The results of freezing and thawing tests
on concrete prisms described in Section 4.1
clearly prove that concrete freeze-thaw dura-
bility is markedly improved by wet-dry-wet
curing. Since such a curing sequence cannot
be maintained if curing compounds are applied
to the fresh concrete, it may be advisable in
some instances to initially wet cure the con-
crete by some other means, then allow it to
dry, rewet it, and apply a curing compound to
insure continued hydration after drying.
To test the effectiveness of this recom-
mended use of curing compounds, the Series 4T
specimens were cast from air-entrained concrete
with a water-cement ratio of 0.55. These
specimens are identical to those cast for the
linseed oil study, except that a higher water-
cement ratio was used. A total of 27 specimens
were cast, and following removal of the speci-
mens from the forms, they were subjected to the
nine curing treatments listed in Figure 65.
Six of the curing treatments involved a wet-
dry-wet curing sequence. Half of these speci-
mens (d, e, f) were coated with the curing
compound following a 2-day rewetting period,
while the other half (g, h, j) was not coated.
A comparison of freeze-thaw test data for these
specimens will indicate the effectiveness of
the application of curing compounds in improving
the frost resistance of concrete. The remain-
ing three curing treatments included contin-
uously wet cured specimens (a) and specimens
coated with a curing compound after only I or
3 days of initial wet curing with no drying.
A white pigmented curing compound meeting the
specifications of the Illinois Department of
Transportation (formerly the Illinois Division
of Highways) was used.
At an age of 14 days, all specimens were
subjected to freezing and thawing. Deteri-
oration ratings during freezing and thawing
tests for the Series 4T specimens are given in
Figure 65. The deterioration ratings after 50
and 70 cycles are given as a function of the
duration of drying prior to coating. The
results from these freeze-thaw tests can be
summarized as follows: All specimens, both
coated and uncoated, which were subjected to
short drying periods during curing had a
greater resistance to freezing and thawing
than the specimens which were continuously wet
cured. This fact is partially hidden in Figure
65, because the continuously wet-cured speci-
mens attained the maximum deterioration rating
of 10, after 10 cycles of freezing and thawing.
Specimens which were dried for at least I day
and coated with a curing compound following
rewetting had a far greater resistance to
freezing and thawing than specimens subjected
to similar wet-dry-wet curing sequences but
not coated. An explanation of the beneficial
effect of curing compounds on the frost
resistance of concrete may be that the coating
provides a barrier preventing the penetration
of salt solution into the concrete and at the
same time increases the degree of hydration by
preventing loss of moisture. Similar to the
results given in Section 4.1, there is an
optimum length of drying when curing compounds
are used. For the conditions of these tests,
the optimum drying time appears to be about
three days. Shorter and longer drying periods
resulted in concrete less resistant to freezing
and thawing.
There was some doubt whether the low dura-
bility of wet concrete coated with a curing
compound I day after casting may not be caused
by the ineffectiveness of the curing compound
which might have allowed the concrete to lose
water, so that it had a low degree of hydration
at the time freezing and thawing was commenced.
Therefore the amount of nonevaporable water of
thin slab specimens 1/2 by 3 by 15 in. was
determined. The specimens were coated on all
sides with the curing compound after various
wet-dry-wet curing sequences. The results of
these tests are summarized in Table 15 and
clearly indicate that the curing compound did
indeed effectively prevent moisture evaporation.
The amount of nonevaporable water, even of
specimens which were wet cured for only I day
prior to coating, is only slightly less than
the values obtained for specimens which were
continuously wet cured.
6.2 RECOMMENDED CURING PROCEDURES OF FIELD
CONCRETE
Based on the findings of this investigation,
the following curing procedures of field con-
crete are recommended in order to achieve opti-
mum resistance of air-entrained concrete against
freezing and thawing.
1. Following the usual construction
practice, loss of water from the concrete should
be prevented up to 7 days after casting. This
may be achieved by covering the fresh concrete
after its initial set with wet burlap, plastic,
or similar means. The initial moist curing
period should be increased if, because of low
temperatures, the concrete did not achieve a
sufficiently high degree of hydration prior to
drying.
2. Following this initial moist curing
period, concrete should be allowed to dry in
the open atmosphere for 3 to 5 days in order
to make use of the beneficial effect of drying.
Since the effect of relative humidity and
temperature at drying had little influence on
the beneficial effect of drying, the length
of the drying period is not a very critical
factor as long as it is longer than 3 days.
3. After drying, the concrete should be
resaturated for at least 3 days. By that time,
nearly all the water lost during drying should
be reabsorbed. A sufficiently high moisture
content after drying is essential for the con-
tinued hydration of the cement paste. Further
loss of moisture can be delayed, e.g., by
applying a curing compound to the concrete
surface after rewetting.
4. Moist curing, drying for about 3 days,
and rewetting prior to application of a curing
compound will result in improved frost resis-
tance compared to the durability of a concrete
which was treated with a curing compound soon
after casting. Where protective coatings such
as linseed oil are used, drying prior to coat-
ing is less critical. Here, the concrete
should be cured sufficiently before coating,
since linseed oil will not prevent the loss
of moisture.
5. Rewetting is beneficial to concrete
durability because it may insure a higher
degree of hydration at the time of exposure
to freezing and thawing. At the same time,
it may increase the degree of saturation and
thus would reduce the freeze-thaw resistance
of concrete. Therefore rewetting in the
field should be used only if there is suffi-
cient time for the concrete to gradually lose
moisture prior to its first exposure to
freezing and thawing. Except when concrete
is allowed to dry at a very early age,
rewetting is the least critical parameter
in the suggested curing sequence.

VII. SUMMARY AND CONCLUSIONS
The experimental results obtained in this
investigation and the conclusions which may be
drawn from these data are summarized below:
1. Even air-entrained concrete may suffer
severe damage when subjected to freezing and
thawing in a salt solution. Concrete which
was continuously wet cured until the time of
freeze-thaw exposure lost up to 15 percent of
its initial weight after 140 cycles of freez-
ing and thawing in a 3 percent sodium chloride
solution. However, the deterioration was
primarily restricted to the surface of the
specimens. Measurements of the change of the
dynamic modulus of the specimens revealed a
decrease of the dynamic modulus after 140
cycles of freezing and thawing of approximately
20 percent resulting in a durability factor of
approximately 0.8.
2. Specimens which were subjected to
drying following an initial wet curing period
but which were rewetted prior to freezing and
thawing exhibited a freeze-thaw durability
which was considerably greater than the dura-
bility of continuously wet-cured concrete.
Specimens which were wet-dry-wet cured under
optimum conditions had no significant loss of
weight or reduction of dynamic modulus after
140 cycles of freezing and thawing.
3. Drying was most beneficial for con-
crete which was wet cured for 7 days and dried
for 3 to 5 days. If the drying period was less
than 3 days, then concrete durability ap-
proached that of continuously wet-cured con-
crete. Drying periods exceeding 7 days led
to a slight reduction of the durability of
concrete compared to the durability of speci-
mens which were dried for 7 days.
4. The age of concrete at which drying
was commenced had a pronounced influence on
the effectiveness of drying in improving con-
crete durability. In this investigation, the
optimum age at drying was found to be approxi-
mately 7 days. Earlier drying and particularly
drying at a later age, such as 28 days, result-
ed in a concrete durability considerably less
than the durability of concrete which was
dried 7 days after casting.
5. The optimum curing sequence of 7 days
wet, 3 to 5 days dry, followed by rewetting,
was little affected by changes in the relative
humidity and the temperature during drying.
6. The optimum curing sequence des-
cribed above was found to be valid for concrete
made with various water-cement ratios and con-
taining different types of aggregates.
7. The extent to which concrete was
rewetted following the drying period had no
pronounced influence on the effectiveness of
the drying period in improving concrete freeze-
thaw durability. However, rewetting after dry-
ing may be significant in order to insure
continued hydration after drying. If field
concrete is rewetted, too long a rewetting
period may be undesirable since the concrete
may be water saturated at the time of exposure
to freezing and thawing.
8. If the drying periods were kept short
and if the concrete was rewetted for some time
following drying, no significant reduction in
abrasion resistance or compressive strength of
concrete was observed. After 3 days of drying,
the flexural strength decreased by not more
than 5 percent of the flexural strength of
continuously wet cured concrete.
9. The results of the freeze-thaw
experiments conducted within this investigation
may be significant with regard to application
of protective coatings applied to the surface
of concrete in the field. Linseed oil may
improve concrete freeze-thaw durability by
preventing deicing agents from penetrating into
the concrete. It does not stop the movement
of water out of the concrete to a large extent.
Therefore, if linseed oil is applied to a con-
crete surface, the concrete can nevertheless
dry. If, however, a curing compound is applied
to a concrete surface soon after casting, drying
of the concrete is effectively prevented,
resulting in a freeze-thaw durability which is
considerably smaller than the durability of a
concrete surface which was exposed to a wet-dry-
wet curing cycle prior to the application of
the curing.
10. Drying of concrete for 3 to 5 days
had little influence on the water content and
the degree of hydration of cement paste at
distances of more than 0.5 in. from the drying
surface. If the specimens were rewetted follow-
ing the drying period the degree of hydration
of the surface layers may again approach the
degree of hydration of the continuously wet
cured specimens.
11. Carbonation of concrete during dry-
ing may lead to a reduction of concrete permea-
bility; however, its effect upon freeze-thaw
durability is so small that the beneficial
effect of air drying on concrete durability
cannot be attributed to carbonation during
drying.
12. Drying led to a slight increase in
the amount of freezable water compared to that
of continuously wet-cured concrete of the same
age. The differences in freezable water content
of wet-dry-wet cured and continuously wet-cured
concrete may be related to differences in the
degree of hydration.
13. Drying of concrete, if commenced at
an age of 7 days, may lead to an increase in
the coefficient of permeability by about one
order of magnitude. Drying of concrete which
was wet cured for 28 days prior to drying also
increased concrete permeability, but to a
smaller extent.
14. It is thought that the increase of
concrete permeability is the consequence of
the development of shrinkage cracks in the
cement paste during drying and may be the pri-
mary reason for the improved freeze-thaw
durability of wet-dry-wet cured concrete com-
pared to the durability of continuously wet-
cured concrete.
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APPENDIX: SPECIMEN PREPARATION AND EXPERIMENTAL PROCEDURES
A.1 MATERIALS A.1.2 Cement, Admixtures, and Water
A.1 .1 Aggregates
All of the concrete specimens cast for
this investigation had coarse and fine aggre-
gates with the gradations given in Table A.I.
Except for Series 2Q and 2R, a silicious
natural river sand from the Wabash River was
used for the fine aggregate. The coarse
aggregate in all concrete mixes except Series
3F through 3K had a maximum size of I in. and
was crushed limestone from Fairmount, Illinois.
For each batch of concrete, the aggregates
were sieved into various sizes and recombined
to yield the gradation given in Table A.].
Both the fine and coarse aggregates were
brought to a saturated surface dry condition
prior to casting.
Natural silica sand from Ottawa, Illinois,
was used as aggregate in the mortar specimens
from Series 2Q and 2R. The gradation of this
sand was such that 100 percent passes a No. 20
sieve and all was retained on a No. 30 sieve.
For Series 2Q and 2R, silicious river gravel
from the Wabash River near Covington, Indiana,
and dolomitic limestone bank gravel from
Plainfield, Illinois, were used as coarse
aggregates. These aggregates had the same
gradation as given in Table A.I.
The coarse aggregates were subjected to
unconfined freezing and thawing tests and
sodium sulfate soundness tests in accordance
with ASTM C-88. The results of these tests,
which should be viewed only as qualitative
measures of the behavior of the aggregates
under actual site conditions, are shown in
Figures A.l and A.2, respectively. With the
exception of the 1/2-in. to 3/4-in. fraction
of the crushed limestone, all aggregates
passed the specifications of ASTM C-33
"Concrete Aggregates." Nevertheless, con-
crete made with crushed limestone aggregates
performed as well or better when exposed to
freezing and thawing than concretes made with
other aggregates. There was no apparent
relation between the performance of aggregates
subjected to freezing and thawing and the
frost resistance of the corresponding concretes.
A type I portland cement with properties
as shown in Table A.2 was used. Tap water was
used as mixing water. The air entraining agent,
when used, was a proprietary compound consisting
of a neutralized vinsol resin in solution.
A.2 MIX DESIGN
Unless specified differently in Tables I
through 4, the concrete had a water-cement ratio
of 0.45, a cement factor of 7 bags per cubic
yard, and mix proportions of 1.00:1.80:2.64
(cement:sand:gravel) by weight. The mix pro-
portions of the mortars with a water-cement
ratio of 0.45 were 1.00:1.80 (cement:sand).
Within Series 3, as well as for some of the
Series 4 specimens, the water-cement ratio was
varied as shown in Tables I through 4. The
concrete specimens had the following mix pro-
portions:
W/C - ratio
0.45
0.55
0.625
0.70
cement:sand:gravel
(by weight)
1.00:1.80:2.64
1.00:2.71:2.63
1.00:3.79:2. 6 3
1.00:4.25:2.60
For the permeability and freezable water
content studies within Series 5, non-air-
entrained mortar with a water-cement ratio of
0.70 and mix proportions of 1.00:3.48 (cement:
sand) was used.
A.3 PREPARATION OF SPECIMENS
A.3.1 Concrete Specimens
For each test series, at least three speci-
mens were cast for each parameter. Three sizes
of concrete specimens were used: all of the con-
crete specimens for freeze-thaw, moisture move-
ment, and abrasion tests were 3 by 3 by 15-in.
prisms cast in watertight steel molds; cylinders
4 by 8 in. were cast for compression tests;
while concrete slabs 12 by 12 by 3 in. were
used for the coating studies.
Each batch contained 1.5 to 3.0 ft3 of
concrete and was prepared by mixing the cement
and aggregate for one minute in an open tub
mixer after which the water was added. The
concrete was mixed for three minutes followed
by three minutes rest, and then mixed for a
final two minutes. The mixing tub was covered
during mixing to prevent evaporation. The air-
entraining agent was added to the mixing water.
Each batch was tested for unit weight, slump,
and air content. The air pressure method was
used to measure the air content.
The concrete prisms were cast in two
layers of equal depth, and each layer was
rodded 45 times with a 3/8-in. hemispherical
tip tamper. The cylinders were cast in three
layers with each layer being rodded 25 times.
Immediately after casting, the surfaces were
given a final finish with a magnesium float.
Two to three hours after casting, the speci-
mens were covered with sheets of plastic to
prevent surface drying of the concrete. The
specimens were covered with wet burlap five to
six hours after casting and removed from the
molds after 18 to 24 hours. Following removal
from the molds, the specimens were weighed and
then given curing treatments as given together
with the experimental results and as described
in Section A.4. In several instances, more
than one batch was needed for a particular
test series. Under such conditions, the speci-
mens to be used for a particular parameter
were taken from different batches.
The specimens for the coating study were
cast in watertight steel molds. They were
compacted and finished similar to the concrete
prisms. In addition, a 1-in. high mortar dike
was cast around the perimeter of one surface
of each specimen to allow ponding of a salt
solution during freezing and thawing tests.
The specimens used in the linseed oil study
were coated with a solution of 50 percent
boiled linseed oil and 50 percent mineral
spirits. Two coats at a rate of 50 sq yd/gal
were applied. In the experiments to study
the effect of curing compounds, a white, pig-
mented curing compound meeting the specifica-
tions of the Illinois Department of Transpor-
tation was used.
A.3.2 Mortar Specimens
For the moisture movement studies, mortar
prisms 3 by 3 by 15 in. were used. Mortar
cylinders 2 by 4 in. were cast for the vacuum
saturation studies. The mortar slabs for the
studies of the effect of carbonation on freeze-
thaw durability had dimensions of 1/2 by 3 by
15 in. The specimens for the permeability
studies had the shape of a truncated cone
measuring 1.2 and 1.3 in. minimum and maximum
diameters, respectively, with a thickness of
1/2 in. Mortar slabs 1/2 by 3 by 12 in. were
used to investigate the amount of freezable
water.
Steel forms were used for the prisms as
well as for the cylinders. The mortar for the
prisms was mixed in batches of approximately
I ft3 in a large tub mixer. The smaller speci-
mens were cast from batches containing 0.5 ft
3
of mortar. The smaller batches were prepared
in two open tub mixers each with a capacity of
0.3 ft3 . The mortar mix was prepared by first
mixing the cement and water slurry for one
minute and then adding the sand. The mortar
was then mixed for three minutes followed by
three minutes rest and then mixed for a final
two minutes. The air-entraining agent was
added to the mixing water.
If a batch larger than 0.3 ft 3 was required
two tubs of mortar were mixed and then poured
into a mixing pan and thoroughly mixed together
into one batch. Each batch was tested for unit
weight, flow, and air content. The air pressure
method was used to measure the air content.
The mortar prisms were cast in two layers,
each layer being rodded 45 times with a 3/8-in.
diameter tamper. The cylinders were cast in
three layers, each layer being rodded 25 times.
The thin mortar slabs were cast in plexiglass
forms and compacted by placing the forms on a
vibration table for approximately 30 seconds.
The surface of the prisms, cylinders, and thin
slabs was given a final finish with a small
rectangular trowel. Two hours after casting,
the specimens were covered with sheets of
plastic, which was removed after four to five
hours. The specimens were then covered with
wet burlap, and were removed from the molds
15 to 18 hours after casting. The specimens
for the permeability tests were cast in tapered
metal molds and compacted on a vibrating table.
Further treatment of these specimens is des-
cribed in Section A.6. The preparation of
the specimens for the studies of freezable
water content is described in Section 4.7.
Some of the concrete and mortar specimens
used in the moisture movement investigation
contained three wells to measure the changes
in relative humidity in the interior of the
drying specimen. The wells were cast into
the specimens using 3/16-in. inside diameter
hollow brass tubes with a close-fitting 5/32-
in. outside diameter brass rod which passed
through and projected 1 3/4 in. below the
lower end of the tube. During casting, the
tube assemblies were temporarily held in the
3 by 3-in. face of the specimen by holes
drilled in the form and by a brace supporting
the outer ends of the tubes. After the con-
crete hardened, the rods were withdrawn leaving
all but the lower 1 3/4 in. of the well lined
with the brass tubing. The rods were kept in
the wells between measurements to prevent any
moisture loss through the wells.
A.4 CURING AND DRYING TREATMENTS
Both mortar and concrete specimens were
wet cured in a tank of saturated lime solution
at a temperature of 72OF for various periods of
time as specified for the particular test series
The initial day of curing in the molds was in-
cluded as part of the initial wet-curing period.
Unless the environmental conditions during dry-
ing were the parameter to be studied, the
specimens were dried on racks in walk-in envir-
onment units in which the temperature was held
at 70OF with a relative humidity of 50 percent.
Also, for the specimens from Series 40 and 4P
which were dried at relative humidities of 35,
50, or 80 percent and at temperatures of 720 F
or 950 F, respectively, a walk-in environment
unit was used. The specimens of Series 40
were dried at a temperature of 50OF and rela-
tive humidities of 35, 50, and 80 percent,
respectively. The specimens of this series
were kept in a plexiglass box described in the
following. The relative humidity in the box
was maintained at the desired level using
various chemicals and frequently controlling
the actual relative humidity. The temperature
was kept at 50OF by storing the plexiglass
boxes in a walk-in environment unit with a
temperature of 500 F.
The specimens which had to be dried in
C02 -free air or in air with a high content of
C02 (approximately 3000 ppm) were kept in
plexiglass boxes during drying as shown in
Figures A.3 and A.4. Two fans in each box
provided adequate air circulation. The envir-
onment was maintained at approximately 720 F
and 50 percent relative humidity. Chilled
water lines in each box were necessary to
prevent the fan motors from heating the air
above the desired temperature. The humidity
was maintained chemically using pans filled
with potassium thiocyanate. Temperature and
relative humidity inside each curing box was
measured by reading wet and dry bulb ther-
mometers mounted on the fan baffle in each
box. The desired CO2 concentrations were
controlled by adding CO2 or C02 -free air as
required, and the CO2 content inside each
curing box was measured at frequent intervals
using a gas detector with CO2 detector tubes.
Figure A.3 shows a CO2 concentration measure-
ment being made.
The weight change of all specimens during
wet-curing and drying was recorded daily except
for specimens dried under controlled C02 condi-
tions. During drying, these specimens were
not removed from the plexiglass boxes. The
wet specimens were surface dried with a towel
prior to weighing. Care was taken to prevent
any further drying of the specimens during
weighing.
The curing treatments of the specimens
which were vacuum saturated are described in
Section A.10.
A.5 FREEZE-THAW TESTING
A.5.1 Concrete Specimens Tested in Automatic
Freezer Unit
Freezing and thawing tests were conducted
on the concrete and the mortar specimens from
Series 2 using two automatic freezing and
thawing cabinets. The test procedure used for
the tests was similar to the procedure given
in ASTM C-290, except that the specimens were
frozen and thawed in a 3 percent sodium chloride
solution. This is a more severe test than
freezing and thawing in water, since sodium
chloride, which is commonly used as a deicing
agent, causes more rapid deterioration. Thus
clearer trends of the effect of the parameters
to be studied could be seen after 140 cycles of
freezing and thawing, whereas up to 350 cycles
of freezing and thawing in water were required
to observe appreciable differences in the be-
havior of specimens which were cured differently.
Furthermore it was felt that freezing and thaw-
ing in a sodium chloride solution was a realistic
test procedure because of the frequent use of
deicing salts in the field. Due to the severe
deterioration of the specimens, deterioration
was measured in terms of weight loss rather than
changes in dynamic modulus. Preliminary studies
conducted during the first year of this investi-
gation had shown that the deterioration of the
specimens was restricted mainly to the surface
layers of the specimens, thus making weight loss
a better or equally reliable indicator of freeze-
thaw deterioration than change of the dynamic
modulus. In those test series where dynamic
modulus measurements were conducted, the pro-
cedures described in ASTM C-290 and ASTM C-215,
respectively, were used. During freeze-thaw
testing, the concrete prisms and mortar slabs
were hosed off, surface dried, and weighed
approximately every 20 cycles. Normally, the
tests were discontinued after 140 cycles.
To determine the temperature differential
between the inner core and the surface of the
concrete prisms during freezing and thawing
tests, temperature measurements were made on
the control specimen in one of the freezing
and thawing test cabinets while testing of the
specimens from Series 2L was in progress. The
temperature of the inner core of the specimen
was measured by a temperature-sensitive bulb
connected to a temperature recorder capable
of measurements to 1OF over a range from -40OF
to 600 F. The bulb was inserted in an 8-in.
deep hole in the end of the control specimen
and sealed with glazing compound. The surface
temperature was measured with a thermistor probe
and a telethermometer which was graduated in
1°F intervals over a range from -10F to 105 0 F.
The thermistor probe was held to the surface of
the specimen with putty. The accuracy of each
instrument was checked in ice water and at
room temperature before the measurements were
begun. Recorder and thermistor readings were
taken at five minute intervals during each test.
A similar set of tests using the same instrumen-
tation was conducted with the thin mortar slabs.
Results of the measurements of the surface and
inner core temperature of concrete prisms under-
going freezing and thawing tests are shown in
Figure A.5. The maximum differential between
the surface and inner core temperatures during
freezing and thawing was IllF. This occurred
immediately after the minimum temperature in
this cycle was reached. This large differen-
tial quickly dropped, however, as the inner
core of the specimen began to thaw. It is
interesting to note that the inner core of the
specimen is subjected to a larger temperature
differential during a freezing and thawing
cycle (from 00 F to 450 F) than the surface (lOF
to 39 1/20 F). This can be explained by the
fact that a portion of the water surrounding
the specimen remained as ice at the peak of
the thaw cycle resulting in lower water and
specimen surface temperatures.
A.5.2 Concrete Specimens for Coating Study
Following curing, a 3 percent sodium
chloride solution was poured on the concrete
slab specimens. Then the specimens were placed
on racks in a controlled environment room and
subjected to freezing and thawing at the rate
of approximately one cycle per day. The tem-
perature was recorded continuously and varied
between approximately 40 F and 400 F. After
every ten cycles, the specimens were removed
from the cold room, the surfaces rinsed off
and inspected for surface deterioration. A
numerical deterioration rating was given,
using the following scale:
0 - No deterioration
I - Scattered spots of very light
deterioration
2 - Scattered spots of light
deterioration
3 - Light deterioration over about
half the surface
4 - Light deterioration over most
of the surface
5 - Light deterioration over most of
the surface, a few moderately
deep spots
6 - Scattered spots of moderately
deep deterioration
7 - Moderately deep deterioration
over half the surface
8 - Moderately deep deterioration
over whole surface
9 - Scattered spots of deep deteri-
oration, otherwise moderate
10 - Deep deterioration over entire surface
After rating, pictures of the specimens
were taken, salt solution was added, and the
specimens were returned to the cold room. To
aid in the deterioration rating of the speci-
mens, two sets of photographs were used as
examples for each rating. One set (Figure 62)
shows specimens with relatively even scaling
of the exposed surfaces, whereas the second
set (Figure 63) serves as an example of un-
even, pop-out deterioration.
A.5.3 Mortar Specimens Tested in Manually
Controlled Freezer
The mortar specimens used to study the
effect of carbonation during drying were sub-
merged in a 3 percent sodium chloride solution
and then placed in a freezer. Freezing and
thawing tests were performed manually at a rate
of about 2 cycles per day. During freezing and
thawing, the temperature varied between 0° F
and 400 F. At intervals of approximately 20
cycles, the specimens were removed from the
salt solution, rinsed off, weighed, and photo-
graphed. Deterioration during freezing and
thawing was evaluated in terms of weight loss
as a percentage of initial weight.
A.6 PERMEABILITY APPARATUS AND TESTING
Measuring the permeability of concrete or
mortar requires the use of relatively high
pressures compared to those required for perme-
ability measurements of soils or porous rocks.
An apparatus designed by Ruettgers et al., for
their investigation of the permeability of
mass concrete used water pressures ranging
from 130 to 430 psi. [37] The maximum diameter
and length of the test specimens in this study
were 18 and 24 in., respectively. In spite
of the high pressures used in their tests, for
the more impermeable concretes, the amount of
water forced into and through 6- and 12-in.
diameter specimens was in many cases only
about I and 12 cm3 per day, respectively.
Experiments on the permeability to water
of portland cement paste conducted by Powers
et al., were performed using specimens of
approximately 1-in. diameter and a permeameter
in which hydrostatic pressure was produced by
standpipes of mercury. [16] In most tests,
samples were subjected to a constant hydro-
static pressure of about 45 psi. Permeability
measurements were not made until a steady
state of flow was closely approximated.
From the efforts and findings of past
investigations of the permeability of concrete
and its constituents, it was clear that a per-
meameter for studies of the effect of various
drying and rewetting treatments on the permea-
bility of mortar must meet the following cri-
teria:
1. The apparatus must be capable of pro-
ducing hydrostatic pressures of 150 psi or more;
2. Readings of fluid outflow from the
specimens should be possible to an accuracy of
at least 0.01 cm3 ;
3. Air must not be allowed to diffuse
into the testing fluid; and
4. Since each test may require 24 to 48
hours, facilities for testing three or more
specimens simultaneously must be provided.
The permeameter designed for this investi-
gation is shown in Figure A.6 together with
supplementary appliances--a bottle of compressed
air and a vacuum pump. A schematic diagram of
the system is shown in Figure A.7. Three test
cells allowed three permeability tests to be
conducted simultaneously. A tank of compressed
air was used as the source of pressure, and
two regulators, one on the tank and the other
mounted on the permeameter, controlled the
amount of air pressure fed to the system. Two
rolling diaphragms were used to transduce the
air pressure into fluid pressure without allow-
ing the air to diffuse into the fluid. Each
diaphragm had a capacity of about 30 ml. While
one diaphragm was refilled, the other diaphragm
was used to maintain continuous pressure on
the test specimens. The upper halves of the
diaphragm housings were made of plexiglass so
that the movement of the diaphragms could be
observed. Fluid from the diaphragm housings
traveled directly to the three test cells.
Permeability measurements were based on the
rate of outflow of the test fluid from the sam-
ple. Outflow measurements were made as the
fluid filled a buret with a capacity of 5 ml.
limited by the dimensions of the permeameter
test cells. Test samples with the shape of a
truncated cone measuring 1.2 and 1.3 in. mini-
mum and maximum diameters, respectively, and
1/2-in. thick were used. Following removal of
the specimens from the molds, the specimens
were sanded lightly to remove any roughness
along their sides, and then subjected to the
desired curing treatments. After curing was
completed, the sides of each specimen were
wrapped with plastic pipe dope to seal between
the specimen and the tapered specimen holder or
ring. Each specimen was fitted tightly into
the testing ring using a vise or screw clamp.
Before permeability tests were started,
the portion of the apparatus normally occupied
by fluid was purged of all air, since any air
allowed to reach the test samples through the
fluid will result in lowered permeability
values. Purging was accomplished by attaching
the vacuum pump hose to the outlet at the top
of the fluid storage tank. The vacuum pump
was turned on and fluid inlet and outlet valves
attached to the diaphragm housings were opened,
while all air pressure valves were kept closed.
When purging was completed, all valves were
closed before turning off the vacuum pump and
disconnecting the hose. Then the vacuum hose
was reconnected to the vacuum line from the
diaphragm housings.
To fill the diaphragms with fluid, the
fluid outlet valve (bottom valve) and the
air pressure valve (top valve) to the diaphragm
housing were turned off, then the vacuum valve
was slowly opened allowing any air pressure to
escape from the housing. Then the vacuum pump
was turned on and the fluid inlet valve was
opened fully, allowing the fluid to flow from
the reservoir to the diaphragm chamber.
Before the specimen and testing ring were
placed into the permeameter, the valve below
the test cell was opened slightly, filling the
cavity in the lower test head with fluid so
that no air was trapped below the specimen.
Two rubber gaskets with a wide rim and an open-
ing of 0.5 in. were placed on top and bottom
of the specimen holder to prevent leakage
between the specimen and the specimen holder.
Then the upper head of the permeameter was
placed on top of the specimen, and tie-down
clamps were fastened securely.
For testing, the air pressure was turned
on and the desired pressure was set by adjusting
the air pressure regulator. Then, the air
pressure and fluid outlet valves to one of the
diaphragm housings and the valves below the
test cell were opened. Once the pressure was
turned on, a period of 10 to 30 minutes was
required before fluid began to appear in the
buret. Then, the fluid drain valve was opened
slightly, allowing fluid to flow out of the
buret until the meniscus fell just below the
zero mark. As the meniscus traveled upward
and passed the zero point, the time clock was
started. Time and buret readings were taken
at convenient intervals until the meniscus
reached 5 ml. Actual permeability data for a
specimen were not taken until a state of steady
flow was approximated. Since the pressure and
specimen dimensions were known and the flow
rate was measured with the permeameter, the
permeability coefficient for each specimen was
calculated from the following equation:
K d= L
dt AhA (Darcy's Law)
where
-- = rate of flow of water in cm3 /sec,
L = thickness of the sample in cm,
Ah = drop in hydraulic head through
the sample in cm,
A = cross sectional area of the
sample in cm2 ,
K = coefficient of permeability
in cm/sec.
A.7 DETERMINATION OF FREEZABLE WATER CONTENT
The method which was used to measure the
amount of freezable water in mortar or concrete
is based upon the observation that a certain
amount of energy is needed to change the state
of water from ice to liquid water. Therefore,
when mortar or concrete are frozen, a certain
amount of heat will be liberated when part of
the water turns from liquid water to ice. On
the other hand, if a previously frozen speci-
men is thawed, a certain amount of heat is
needed to turn the ice into liquid water in
addition to the heat required to warm the speci-
men. Studies in which the heat liberated during
freezing was measured have been reported pre-
viously. It was felt, however, that the second
approach, i.e., the thawing of a frozen specimen,
would be more convenient and therefore was used
in this investigation. [38, 39]
For this study, mortar specimens 1/2 by
3 by 12 in. were used. Copper foils 2.75 by
11.5 in. with a thickness of 0.006 in. were
embedded at midheight of the specimens. Con-
stantan heating wires were glued to the copper
foils as shown in Figure A.8. The purpose of
the copper foil was to distribute heat uniformly
across the specimen if an electric current was
applied to the heating wires. The specimens
were cast in plexiglass molds. At first, a
layer with a thickness of 1/4 in. was cast and
the surface was smoothed with a scraper. The
foil was placed on top of the mortar with the
heating wires facing the mortar surface. An
additional 1/4 in. of mortar was cast on top
of the copper foil. The specimens were com-
pacted by dropping one end of the form three
times from a height of approximately 4 in.
Two hours after casting, the specimens were
covered with sheets of plastic to prevent sur-
face drying. About five hours after casting,
the specimens were covered with wet burlap.
They were removed from the molds after 18 to
24 hours.
In preliminary tests, a mortar specimen
was initially cooled to a temperature of 00°F
and kept at this temperature for approximately
three hours. The specimen was then placed into
a chamber which was well insulated by styro-
foam and thixotropic gel. The frozen specimen
was then heated by feeding an electric current
of known magnitude and potential through the
embedded wires. Subsequent changes in the
temperature of the specimen were measured by
a thermocouple embedded in the center of the
specimen. The power input to the specimen was
calculated from the voltage across the constan-
tan wires and the current flowing through them:
P = El
where
P = power in watts,
E = electric potential in volts,
I = electric current in amps.
The weight of the specimen was known
and the specific heat could be determined from
plots of temperature versus power input. The
amount of water changing its state from ice to
liquid water over a particular temperature
range could then be calculated from the follow-
ing expression:
Pt = cW (T2 -TI) + WwLf
where
P = power input in cal/sec (1 Watt =
0.2389 cal/sec),
t = length of time power is applied
in sec,
c = specific heat of specimen in
cal/gm0 C,
W = weight of specimen in grams,
Ww = weight of melting water in grams,
Lf = average heat of fusion over
temperature range Ti-T 2 in cal/gm,
TI = initial temperature of specimen
in oC,
T2 = final temperature of specimen in oC.
In this expression, the first term gives
the amount of heat required to heat the speci-
men from a temperature TI to a temperature T2 .
The second term represents the amount of heat
necessary to melt ice whose weight corresponds
to Ww. Calibration tests were conducted on a
frozen mixture of sand with very low porosity
and a known amount of water which was melted.
From the relationship between temperature and
power input, the amount of melting water was
calculated. However, the calorimeter was not
sufficiently insulated so that a considerable
amount of heat was lost. Thus the calculated
amount of frozen water was larger than the
amount of water added to the water-sand mixture.
Another experimental setup was used which
is shown schematically in Figure A.9. Several
copper-constantan thermocouples were embedded
in the center and attached to the surface of
the specimen. These thermocouples were con-
nected in a series to a recorder. The specimen
was placed into a small constant environment
chamber which was capable of maintaining and
controlling temperatures in the range of -250°F
to 3500 F. During heating of the frozen specimen,
the temperature of the air surrounding the
specimen in the freezer was kept equal to the
temperature of the specimen by increasing the
temperature in the environment chamber. Heating
or cooling of the chamber was monitored by a
device which measured the difference in tempera-
ture between the specimen and its environment.
In addition, the temperature of the specimen
as well as of the surrounding environment was
recorded independently. In the temperature
range from 00 F to 25 0 F, the difference in
temperature between the specimen and its sur-
roundings never exceeded 0.50 F, while at a
temperature of 320 F, there was virtually no
difference in temperature between specimen and
surrounding air. For temperatures above 350 F,
the difference did not exceed 0.50 F. Tests to
determine the temperature distribution across
and along the specimen showed that the tempera-
ture difference within the specimen never was
larger than l]OF. With this experimental set-
up, loss of heat from the specimen was mini-
mized. Thawing tests on frozen sand-water
mixtures of known content of freezable water
yielded the amount of water added to the mix
and thus demonstrated the accuracy of this
experimental procedure.
After the specimens underwent the speci-
fied curing treatments, the thermocouples were
mounted to the surface of the specimens. After
wrapping them tightly in plastic to prevent
evaporation of moisture, the specimens were
placed into the freezer and were mounted on a
plexiglass rack. The heating wires were con-
nected to an external electric power input
circuit. A pan of silica gel was put under the
specimen to absorb moisture which may be con-
densed during cooling. The specimens were
weighed before and after the test to insure
that no loss of moisture occurred during test-
ing. The specimens were then frozen for three
hours at a temperature of 0°F. After the
freezing period, heating of the specimens
through the embedded heating wires commenced.
For most tests, a current of 2 amps and a
potential of 5 volts were used. Once the
temperature of the specimen exceeded the temp-
erature of the surrounding environment by more
than 0.15 0 F, warm air was blown into the
freezer unit until the temperature of the
specimen and of the surrounding air were equal.
This process continued until the specimen had
reached a temperature of at least 600 F. During
the tests, the variation of the temperature of
the specimen with time was recorded. A typical
example of such a record is shown in Figure
A. 10.
In the temperature range between 00 F and
200 F, the relationship between time and temper-
ature was almost linear. At higher temperatures
the curve began to deviate from a straight line,
indicating that ice began to melt. At a temp-
erature slightly above 320 F, this relationship
became almost horizontal. At higher tempera-
tures, this slope increased again. The obser-
vation that water which was frozen in concrete
starts to melt at temperatures considerably
below 320 F coincides with observations reported
previously by Klieger and Verbeck. [39] The
freezing point of water in concrete may be
depressed since the water is not pure but con-
tains calcium hydroxide and alkalis in solution.
As the temperature in the concrete is lowered,
more and more of the water freezes, thus in-
creasing the concentration of the solutes and
further depressing the freezing point of the
still unfrozen water.
The amount of freezable water, which here
is defined as the water which was frozen at a
temperature of 00 F, can be determined from the
temperature-time relationship as follows. At
first the offset of the curve from the tangent
to the lower part of the temperature-time rela-
tionship is measured. This deviation is pro-
portional to the amount of water which melts
at a given temperature and can be calculated
knowing the latent heat of fusion from the
following expression:
W = Z [(Pt. - tana)/Hi]
i=T20
where
P = constant power input in cal/sec,
ti = time in sec as measured from the
graph,
tana = tangent of the curve when the
specimen is heated from O0F to
200 F,
Hi = latent heat of fusion of ice at
temperature of ioF.
By summing the amount of ice which melted
at a given temperature between 200 F and 320 F,
the total amount of water which was frozen was
obtained.
A.8 ABRASION TESTS
The testing procedure given in ASTM test
method C418-64 T was used in performing the
abrasion tests on concrete. Standard 3 by 3
by 15-in. prisms were cast and subjected to
various curing treatments. At the end of the
curing period, a 3-in. cube was sawed from
each specimen for testing, each being in a
saturated surface dry state for the test. The
tests were conducted in a sandblast cabinet
with close adherence to ASTM specifications.
Tests were made on three sides of each specimen:
the top (finished surface), the bottom, and one
side. The specimens were washed and weighed
after each test to determine the amount of
material abraded. Figure A.11 shows one of
the concrete cubes after testing. The abrasion
coefficient Ac, was calculated from the relation
V
Ac
where
V = volume of abraded material in cm3 ,
A = area of surface abraded in cm2 .
A.9 MOISTURE MOVEMENT MEASUREMENTS
The general objective of the first part
of the moisture movement study was to investigate
the relative humidity in drying concrete speci-
mens. Six surfaces of each specimen were avail-
able for moisture exchange. Relative humidity
measurements were taken at three locations
within the drying prism as shown in Figures A.12
and A.13. For this, a gauge developed by G. E.
Monfore was used. [37] Relative humidity determi-
nations were made on approximately 60 consecu-
tive days after drying was initiated and at
less frequent intervals thereafter.
The internal relative humidity was
measured through the wells in each specimen
using the moisture-sensitive probe. This probe
contains a dacron thread whose electrical resis-
tance is a linear function of the relative
humidity. The probe was calibrated at known
relative humidities each day before any measure-
ments were taken on the specimens. For this,
the probe was exposed to a zero percent relative
humidity within a container of Frierite (CaS0 4 )
for one hour and 20 minutes, and a relative
measure of the resistance of the thread was
determined using a strain indicator. The probe
was then placed in a container of distilled
water at 100 percent relative humidity for
only 15 minutes. A straight line interpolation
between zero and 100 percent relative humidity
was possible based on the readings of the strain
indicator.
The readings of internal relative humidity
for the specimens were begun in the wells of
the previously measured lowest humidity, and
readings were taken in order of increasing
humidity. Thus hysteresis effects were avoided
as much as possible. The probe remained in
each well for exactly five minutes before a
reading was recorded in order that it might
stabilize. At the completion of a set of
readings on the concrete specimens, the humid-
ity probe was recalibrated in an environment
of 100 percent relative humidity to determine
the amount of drift of the gauge during the
readings. The amount of drift was distributed
to each well measurement in proper proportion
to the time at which the measurement was made.
The objective of the second phase of the
moisture movement study was to investigate
moisture movement in uniaxially dried and re-
soaked mortar prisms by determining both the
distribution of evaporable and nonevaporable
water and of the relative humidity.
The prisms used for this study had to be
split into 3/4-in. thick slices to determine
the moisture distribution as discussed in the
following. Therefore mortar rather than con-
crete prisms were used. After the specimens
were wet cured for the specified length of
time, they were removed from the water tank,
weighed, and then sealed on five of the six
surfaces. Only one of the smaller sides was
allowed to dry in a controlled environment of
720 F and a relative humidity of 50 percent.
The seal which was used on each specimen con-
sisted of one layer of plastic and three layers
of aluminum foil. Preliminary tests showed
this to be an effective seal, since completely
wrapped specimens showed no measurable loss of
weight after 50 days of drying. Several of
the mortar prisms were uniaxially resoaked
after an initial wet curing period of 28 days
and 28 days of uniaxial drying. Prior to re-
soaking, the seal at the open end of each
specimen was made watertight. The specimens
were weighed before and after sealing in order
to determine the weight of the sealant used.
After the relative humidity readings were
taken on the twenty-eighth day of drying, the
specimens were placed in a resoaking tank.
The tank consisted of a copper pan 6 by 21 by
6 1/2 in. with a layer of 3/5-in. felt covering
the bottom. The felt was continuously saturated
with limewater. The specimens were placed into
the pan with the open end down.
During drying and at various intervals
during resoaking, relative humidity measurements
were made in each of four wells of a specimen
which were placed at distances of 1/2, 1, 3,
and 6 in. from the drying surface. In addition,
the distribution of the moisture content in
drying specimens was determined after various
days of drying. The water content was deter-
mined at various points along the drying prism
by breaking the specimen into slices with a
cross section of 3 by 3 in. and a thickness of
approximately 3/4-in. For this, knife edges
were placed on opposite sides of a prism at a
point where splitting was to take place. Then
the specimen was subjected to concentrated
line loads in a testing machine, resulting in
fracture along a plane between the two knife
edges. A slice smaller than 3/4 -in. would have
been desirable, but with thinner slices it was
not possible to consistently obtain approxi-
mately parallel surfaces.
To determine the amount of evaporable and
nonevaporable water, each slice was quickly
pulverized, weighed, and dried to a constant
weight in an oven at 105 0 C. The loss in weight
during drying is a measure of the evaporable
water content. A minimum of 24 hours was
required for a pulverized slice to reach con-
stant weight. To experimentally determine
the nonevaporable water content, the weight
change of a pulverized slice when dried to
constant weight in an oven at 900 0 C was
measured. At least five hours of drying at
this temperature were required for the pulver-
ized slice to reach a constant weight. Cal-
careous aggregates react at high temperatures
to form carbon dioxide gas which would reduce
the weight of a drying specimen as though it
were a moisture loss. By using siliceous
aggregates in the mortar specimens, the problem
of aggregate decomposition was avoided in this
study. However, the ignition loss of each slice
was corrected to account for the ignition loss
of the cement.
As each slice was broken from the specimen,
the exact location and contour of each split
was measured so that the position of each slice
within the specimen was known. The moisture
content determined from each slice was taken
to be at the midpoint of the slice when the
results are shown on a graph.
A.10 VACUUM SATURATION STUDY
The cylindrical mortar specimens from
Series ST were vacuum saturated after drying.
The test setup for vacuum saturation is shown
schematically in Figure A.14.
The specimens to be vacuum saturated were
placed in a desiccator jar in a dry condition
for 1/2 to 12 hours and subjected to a vacuum
of 20, 25, or 28 mm of mercury. At the end
of the vacuum treatment, the desiccator jar
was flooded with water. Half an hour later,
the vacuum was released and the specimens
remained in the flooded container overnight.
The dry vacuum time was considered as part of
the total drying period.
An additional Appendix, Appendix B, which sum-
marizes the individual test results, is not
included here, but is available on request
from:
Department of Civil Engineering
1114 Civil Engineering Building
University of Illinois at Urbana-Champaign
Urbana, Illinois 61801
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FIGURE 16. CHANGES IN RELATIVE DYNAMIC MODULUS AFTER 140 CYCLES OF FREEZING AND
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FIGURE 57. RATIO OF COEFFICIENT OF PERMEABILITY, k, OF WET-CURED AND DRIED
SPECIMENS - SERIES 5M AND 5N - 28 DAYS OF INITIAL WET CURING
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FIGURE 60. EFFECT OF DRYING ON FREEZABLE WATER CONTENT OF
MORTAR SPECIMENS - SERIES 5J, 5M AND 5N
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FIGURE 61. FREEZABLE WATER CONTENT AS FUNCTION OF THE DEGREE OF
HYDRATION OF MORTAR SPECIMENS - SERIES 5J, 5M AND 5N
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FIGURE 63. DETERIORATION RATING SCALE B - POP-OUT DETERIORATION
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FIGURE A.2. PERCENT WEIGHT LOSS DURING
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FIGURE A.3. SEALED CURING BOX WITH SPECIMENS AND CHEMICALS INSIDE
FIGURE A.4. REAR VIEW OF CURING BOX SHOWING
FANS AND WATER LINES FOR COOLING
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FIGURE A.5. INTERIOR AND SURFACE TEMPERATURES DURING FREEZING AND
THAWING - 3 x 3 x 15 - INCH CONCRETE PRISM
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FIGURE A.7. SCHEMATIC DRAWING OF THE PERMEABILITY TEST APPARATUS
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FIGURE A.8. SPECIMEN USED FOR STUDIES OF FREEZABLE WATER OF MORTAR
FIGURE A.9. SCHEMATIC PRESENTATION OF EXPERIMENTAL
SETUP TO DETERMINE THE FREEZABLE WATER CONTENT
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FIGURE A.10. INCREASE IN TEMPERATURE OF MORTAR SPECIMENS -
SERIES 5J - 3C - POWER INPUT: 11.6 WATT (5.8 VOLT, 2 AMP)
FIGURE A.11. CONCRETE CUBE AFTER ABRASION TESTS
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FIGURE A.13. CONCRETE SPECIMENS
USED IN MOISTURE MOVEMENT STUDY
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TABLE 1A
Outline of Experimental Program
and Concrete Mix Data
(First year of Program)
Net Air
Series Slump Content Series Objectives
B 4 -1/4" 3.8 Effect of time of initial drying
on concrete durability using ASTM-
290 Testing Method
C 4-1/4" 3.8 Effect of length of drying period
after initial moist curing using
ASTM-290 Testing Method
D 3-3/4" 0.8 Same as Series C
E 3-3/4" 3.6 Same as Series C
F 2-3/4" 0.9 Same as Series C except 3% sodium
chloride solution is used in Freeze-
Thaw tests
G 4-1/4" 3.5 Same as Series F
a) All specimens are air dried at 72 0 F and 50% R.H.
b) A water cement ratio of 0.45 was used for all specimens
cast during the first year of the program.
TABLE 1B
Outline of Experimental Program
and Mortar Mix Data
(First year of Program)
Net Air
Series Flow(%) Content Series Objective
M 66.1 10.6 Comparison of air drying and oven
drying. Effect of resaturation
and vacuum resaturation.
N 60.9 1.1 Same as M except non-air-entrained
mortar.
Q 86.0 6.7 Same as M except the time of
vacuum resaturation is reduced
from 7 to 3 hours.
TABLE 2A
Outline of Experimental Program
and Concrete Mix Data
(Second year of Program)
Slump Unit Weight
Series Batch (in.) (lb/cu ft)
Net Air
Content
(%) Series Objectives
2A 1
2
3
2B 1
3-3/4
4-1/2
3-1/2
4-3/4
148.0
148.5
150.0
148.5
2C 1 3-3/4 148.5
2 3 149.0
3 2-3/4 151.0
2D 1 4-1/2 152.5
2 3-1/4 154.0
3 3 153.0
2E 1 3-3/4 150.0
2 3-1/4 150.0
2F 1 2-3/4 150.0
2 2-3/4 149.0
3 4-1/2 147.0
2G 1 3-1/2 148.5
2 4 148.0
3 3-3/4 147.5
2H 1
2
3
3-1/2
4
3-3/4
2J 1 2
148.5
148.0
147.5
153.0
3.6
4.1
3.2
3.4
4.4
3.4
2.5
0.8*
1.1 *
1 .2*
3.2
2.6
2.7
3.6
4.0
4.5
4.2
4.5
4.5
4.2
4.5
2.7
Effects of minimum
drying periods
Effects of drying
at a minimum age
Effects of drying
at a maximum age
Effects of drying
at a maximum age
Effects of extended
drying periods
Effects of drying
at a maximum age
Moisture movement
relative humidity
study in drying con-
crete
Rate of absorption
study
Effects of drying at
a maximum age
2K 1 2-1/4 153.5
2L 1 2-3/4 151.0
2P 1 3 152.5
3.2 Effects of extended
drying at maximum age
3.7 Effects of short drying
periods at early age
3.1 Effects of drying on
abrasion resistance
Indicates non-air-entrained concrete
TABLE 2B
Outline of Experimental Program
and Mortar Mix Data
(Second year of Program)
Unit Weight
Batch Flow (%) (lb/cu ft)
Air Con-
tent (%) Series Objectives
2Q AA*
BB*
CC*
DD*
EE*
FF*
GG*
52.50
42.50
56.00
31.25
39.25
35.70
80.0
51.2
78.6
50.2
50.2
43.8
2R HH* 46.0
II1 31.9
JJ* 39.8
23.25
30.75
28.25
38.50
34.80
35.75
18.75
35.50
Indicates Ottawa silica
than natural river sand
128.2
128.7
125.7
130.5
130.2
128.7
137.5
133.2
134.9
132.7
133.2
133.3
131.8
133.5
133.4
134.7
130.0
130.9
127.0
128.5
130.7
129.9
132.2
130.3
15.4 Effects of surface
13.4 cracking on F-T
17.0 durability
13.7
13.7
1.8
5.3
3.9
5.6
5.9
5.0
6.1
4.8
5.0
4.0
12.4
13.2
16.4
14.4
12.2
13.2
12.4
Effects of surface
cracking on F-T
durability
Moisture movement
and moisture
gradient study
Moisture movement
and moisture gra-
dient study with
resoaked specimens
Mortar vacuum
saturation study
sand was used for the aggregate rather
a)A water cement ratio of 0.45 by weight was used for all specimens
cast during the second year of the program
Specimen
Series
TABLE 3
Outline of Experimental Program
and Concrete Mix Data
(Third year of Program)
Specimen Slump Unit Weight Net Air
Series in. (lb/cu ft) Content
Water/
Cement
Ratio Series Objective
3A 4-1/2 142.5
2-3/4 148.5
6-1/4 147.0
4-3/4
6-1/2
141.5
145.0
5 147.2
5-1/2 149.5
4.6 0.45 Study of abrasion and F-T re-
sistance of concrete using
crushed limestone as aggregates
4.0 0.45 Same as Series 3A
4.8 0.55 Study of F-T resistance of con-
crete using crushed limestone
as aggregate
7.5+ 0.70 Same as Series 3C
5.7 0.55 Study of F-T resistance of con-
crete using siliceous river
rock as aggregate
4.3 0.45 Same as Series 3F
4.5 0.45 Study of F-T resistance of con-
crete using bank gravel as ag-
gregate
0.55 Same as Series 3J
-- 134.2
6-3/4
6-1/4
5-1/2
5-1/4
6
4
4-3/4
138.0
146.5
145.5
146.5
148.0
145.0
149.5
0.45
0.45
0.70
0.625
0.625
0.625
0.45
Study of variation of non-evap-
orable and evaporable water con-
tent during drying (Mortar)
Same as Series 3M
Same as Series 3J
Same as Series 3C
Same as Series 3J
Same as Series 3F
Study of abrasion resistance
of concrete
4.7 0.70 Same as Series 3F
4.3 0.45 Same as Series 3A except that
specimens are broom finished
a) If not specified, crushed limestone is used as coarse aggregate
145.0
TABLE 4A
Outline of Experimental Program
and Concrete Mix Data
(Fourth year of Program)
Test Slump Unit Weight
Series (in.) (lb/cu ft)
Net Air
Content
(M)
Water-
Cement
Ratio Series Objective
0.45 Effect of time of application of
linseed oil coatings of frost
resistance of concrete.
0.45 Same as Series 4A.
0.45 Same as Series 4A.
4E 3-3/4 146.5
4F 3-3/4 148.5
4H 3 148.0
4J 3-3/4 146.3
4.5 0.45 Effects of rewetting time after
drying on concrete durability.
4.0 0.45 Effect of linseed oil coatings
on the drying of concrete.
4.1 0.45 Reasons for beneficial effects
of linseed oil coatings on con-
crete durability.
3.7 0.55 Repeat of Series 4E except a
higher water-cement ratio was
used.
4L (1) 3-1/2
(2) 3-1/2
(3) 4
40 4-1/4
148.8
148.0
148.0
148.4
4P 3-1/2 148.0
4T (1) 3-3/4
(2) 3-1/2
(3) 4
4U 3-1/4
0.45 Same as Series 4A.
0.55 Determine the effects of vari-
ous humidities at 720 F during
drying on the optimum length
of drying period.
3.7 0.55 Same as Series 40 except at a
temperature of 950 F.
149.0
149.0
149.5
146.5
0.55 Effectiveness of coating con-
crete with curing compound fol-
lowing resoaking after drying.
0.55 Same as Series 40 except at a
temperature of 500 F.
4A (1)
(2)
(3)
4B (1)
(2)
(3)
4C (1)
(2)
(3)
3-1/8
5
4-3/4
4-1/4
5
6-1/4
3-1/4
3-3/4
6
151.0
148.0
149.0
150.5
149.0
148.0
150.1
150.0
150.8
TABLE 4B
Outline of Experimental Program
and Mortar Mix Data
(Fourth year of Program)
Water-
Cement
Series Ratio
Flow Unit Weight
(%) (lb/cu ft)
Net Air
Content Series Objective
Effect of carbonation
Effect of carbonation
Effect of carbonation
0.45
0.45
0.45
44.0
57.5
49.0
136.3
134. l
TABLE 5
Experimental Program
and Concrete Mix Data
Year of Program)
Water-
Cement
Series Ratio
Mortar Mix Data
Flow Unit Weight
(%) (lb/cu ft)
Net Air
Content Series Objective
5B 0.55 53
5C 0.55 54
134.8
135.0
5D 0.45 57.5 133.5
5E 0.45 56.5 135.0
5F 0.45 58 ---
5H-1* 0.7 48 135.0
5H-2* 0.7 50 132.0
5H-3* 0.7 50 132.0
5H-4* 0.7 51.6 135
5J-1 0.7 60 135
5J-2 0.7 48.9 132
5J-3 0.7 60 131
5L-1 0.7 58.5 131.0
5L-2 0.7 60 130.5
5L-3 0.7 60 130.5
Supplement to coating study
Supplement to coating study
--- Preliminary study of permeability
measurement using methyl alcohol
--- Preliminary study of permeability
measurement using water
--- Preliminary study of freezable
water content
5.2 Study of permeability, freezable
water, evaporable and nonevapor-
able water content
4.9 Study of permeability, freezable
water, evaporable and nonevapor-
able water content
5.5 Study of permeability, freezable
water, evaporable and nonevapor-
able water content
5.1 Study of permeability, freezable
water, evaporable and nonevapor-
able water content
5.0 Study of permeability, freezable
water, evaporable and nonevapor-
able water content
6.0 Same as 5J-1
5.75 Study of porosity, permeability,
freezable water, evaporable and
nonevaporable water content
6.0 Effect of carbonation on degree
of hydration
5.9 Effect of carbonation on degree
of hydration
6.1 Effect of carbonation on degree
of hydration
Data uncertain, not included in the report.
Outline of
and Mortar
(Fifth
TABLE 5
(Continued)
Water-
Cement
Series Ratio
Flow Unit Weight Net Air
(%) (lb/cu ft) Content Series Objective
5M-1 0.7 54.5 131.5
5M-2 0.7 53.0 131.5
5M-3 0.7
5N 0.7
52 131.0
58.4 131.0
5.9 Study of permeability, freezable
water, evaporable and nonevaporable
water for specimens having pro-
longed initial moist curing
5.8 Same as Series 5M-1
5.6 Same as Series 5M-1
5.6 Same as 5M but cured in carbon
dioxide free atmosphere
Concrete Mix Data
Water-
Cement
Series Ratio
Slump Unit Weight Net Air
in. (lb/cu ft) Content Series Objective
50 0.45 3.75 147.5 4.1 Effect of drying on flexural
strength of concrete
TABLE 6
Summary of Flexural Strength Tests
(Series 50)
Curing Treatment
Days
Age at
Testing
Wet Dry Wet days
a 14 --
Average Modulus
Load (lbs) of Rupture
-- 14 1801.6
b 28 - -- 28 2018.3
7 3 4 1 4 I763.53
7 3 18 28 1931.6
7 14 / Zo lo4o.5
Series
Name
Summary
Curing Treatment
Test Days
Series Wet Dry Wet
2P 14
7
7
7
3A 14
7
7
3B 14
7
7
7
7
3S 60
7
7
7
7
0
6 1/2
6
3
0
6
3
0
6
5
3
1
0
46
25
7
1
TABLE 7
of Abrasion Tests
Average
Age at Testing Abrasion Coefficient
Days (cm3 /cm2 )
2.02
1.70
1 .85
1 .97
S. 12
0.92
1.07
1.50
1.45
1.38
1.54
1 .57
1.18
1.15
1.18
1.18
1.43
TABLE 8
Average Ratio of Water Content of Wet-Dry-Wet Cured Concrete, WD
to Water Content of Continuously Wet Cured Concrete, Ww
Curing Treatment
Days Age WD/WW
Wet Dry Wet Days
1/2 1/2 13 14 0.98
1/2 3 10 1/2 14 0.97
3 1 10 14 0.96
3 3 8 14 0.96
3 28 29 60 0.95
3 46 11 60 0.95
7 1 6 14 0.97
7 2 5 14 0.96
7 4 3 14 0.96
7 6 1 14 0.95
7 7 46 60 0.98
7 28 25 60 0.97
7 46 7 60 0.97
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TABLE 10
Series 5J
Degree of Hydration and Coefficient of Permeability
of Mortar Specimens w/c = 0.7; Dried in Normal Air
Curing Treatment Age at
Days Testing
Wet Dry Wet Days
--- --- 14
--- --- 21
c 7
d 7
e 7
f 7
Degree
of
Hydration
0.69
0.75
0.80
0.85
0.87
0.87
0.86
0.81
Rate Coefficient
of of
Flow Permeability
1.78x10-3
1.47xl0- 4
2.26x10-5
S1.74x10-5
1.96x10- 5
3.39x10-5
4.1x10-5
1.82x10-5
4.03x 0-
8
3.33x10-9
5.12x10-10
3.94x10-10
4. 44xi 0-
7.66x10- 1 0
9.3x10- 1
0
4.12xl0- 10
TABLE 11
Series 5M
Degree of Hydration and Coefficient of Permeability
of Mortar Specimens w/c = 0.7; Dried in Normal Air
Curing Treatment
Series Days
Name Wet Dry Wet
Age at
Testing
Days
Degree
of
Hydration
0.87
0.89
0.90
0.91
0.89
Rate
of
Flow
9x10-6
2.07xl0-5
3.05x10-5
4.58x0 o-5
3.45x10-5
Coefficient
of
Permeability
2.04x 0-10
4.58xl0- 10
6.9x 0-10
1.04xl0-9
7.8x10-10
Series
Name
TABLE 12
Series 5N
Degree of Hydration and Coefficient of Permeability of Mortar
Specimens w/c = 0.7; Dried in C02 -Free Air
Curing Treatment
Series Days
Name Wet Dry Wet
Age at
Test i ng
Days
Degree
of
Hydration
0.84'
0.86
0.83
0.87
0.85
Rate Coefficient
of of
Flow Permeability
1.44xl0 -6
3.45xi0 -6
2.45x10- 6
1.67x10 -6
3.95x10- 6
3.26x10 -
ll
7.81x -10 l
5.55x10 - l l
3.78x10 -1 1
8.95x10 - ll
TABLE 13
Series 5L
Degree of Hydration of Mortar Specimens
w/c = 0.7; Dried in C02 -Free Air
Curing Treatment
Days
Wet Dry Wet
Degree
of
Hydration
0.71
0.85
0.87
0.86
0.85
0.82
0.77
0.86
Series
Name
Curing Tre
Series Day
Wet Dry
TABLE 14
Freezable Water and Degree of
Hydration of Mortar Specimens
w/c = 0.70
eatment Age at Freezabl
s Testing Cont
Wet Days %
e Water
ent
--- 
-. 14
21
1 13 21
3 11 21
7 7 21
12 2 21
5J 3
7
14
21
7
7
7
7
5M 42
28
28
28
28
5N 42
28
28
28
28
Degree
of
Hydration
--- 42
13 42
11 42
7 42
2 42
51.43
45.63
35.80
32.80
29.33
33.07
35.76
37.30
27.27
24.62
30.55
30.78
31.79
30.71
31 .11
29.63
33.33
32.64
0.69
0.75
0.80
0.85
0.87
0.87
0.86
0.82
0.87
0.89
0.90
0.91
0.89
0.84
0.86
0.83
0.87
0.85
TABLE 15
Nonevaporable Water in Mortar w/c = 0.55
Coated with Curing Compound
Series Days
Name DaysWet
Curing
Days
Dry
Days
Wet
Curing Compound Age at
Applied at Age of Testing
Percentage of
Total Wet Nonevaporable
Cure Water
Series 5B
a* 14 0
3 3 8
c Ot 0 0 I
b 3 0 0
d 3 3 2
Series 5C
b 1 0 0
a 3 0 0
c 3 1 2
d 3 3 2
e 3 6 2
f 1 13 0 not coated
g 14 0 0 not coated
Specimen not coated with curing compound.
14 14
Remained in forms for 24 hours before coating.
4.77
4.78
4.64
4.65
4.40
4.55
4.60
4.48
4.54
3.72
4.77
Sieve No.
TABLE A.1
Physical Data of Aggregates
Percent Retained
Coarse Aggregate
I"I
3/4"
1/2"
3/8"
4
Sand
Bulk Specific Gravity of crushed limestone - 2.63
Bulk Specific Gravity of river sand - 2.60
24-hr Absorption of crushed limestone - 1.5%
24-hr Absorption of river sand - 2%
TABLE A.2
Physical Data of Cement
Specific Gravity
Normal Consistency, %
Time of Setting: Vicat
Initial
Final
Specific Surface, sq cm/gm
Wagner
Compressive Strength, psi
3 days
7 days
3.10
27.2
2 hr 10 min
6 hr 5 min
1865
2700
3490





